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Global climate is changing rapidly and unequivocally due to greenhouse gases (GHG) 
emission. According to IPCC, the largest contribution to the increase in GHG level is 
fossil combustion emission (56.6%). Although there are many ways to minimize 
GHG level in the atmosphere, Carbon Capture and Sequestration (CCS) has been 
widely considered as an effective way to reduce carbon dioxide (CO2) from fossil fuel 
emission. One of the CCS options is the use of biological means through forest carbon 
sink that is only able to absorb CO2 at atmospheric level. Even though there has been 
a lot of research carried out on the use of vegetation to reduce CO2, there are limited 
numbers of study conducted on the use of vegetation to reduce elevated CO2. 
Moreover, most of the previous studies have been conducted by using terrestrial 
plants grown in soil medium. Since reducing elevated CO2 by using hydroponic 
system have not been investigated extensively and comprehensively, it is essential to 
investigate the response of specific plants once they are exposed to very high 
concentration of CO2. 
In this research, a new technology -called Green Chimney, is proposed to reduce CO2 
emission that is produced from a generator. The flue gas from a portable electric 
generator that contained CO2 is channeled into transparent glass tanks with 
50,000ppm (5% vol) as a starting level. Meanwhile specimen plants are put in tanks 
that are tightly sealed to create a controlled environment. The experiments are 
conducted in two different ways – in the laboratory environment and on the roof top, 
using mung bean (Vigna radiata) as a plant model with leaf areas covering 500cm2, 
1000cm2, and 2000cm2. The results showed that by using a “stepping down” 
approach, mung bean is able to absorb the most amount of CO2 within 24 hours if 
subjected to 8,000ppm as starting point. Further, mung bean with 1000cm2 leaf area 
that has been exposed to 8,000ppm in the roof top experiment showed that no 
significant difference of R2 compared to water hyacinth (Eichhornia crassipes) with 
the same leaf area. Moreover, the results showed no statistically significant 
differences between mung bean and water hyacinth were tested using the t-test at a 
level of significant of 5% (α=0.05). This research also observed the response of mung 
bean with 2000cm2 leaf area when subjected to 8,000ppm of CO2. The results showed 
that within an average time of 3hours, mung bean specimens are able to reduce CO2 
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The rapid increase of carbon dioxide (CO2) in atmospheric is an undisputed fact, 
which is mainly caused by the greenhouse gases (GHG) emission produced from the 
emission of fossil fuel combustion from power plant (see fig.1.1) and land use change 
(Rogers et al., 1999; Herzog, 2001; Davison et al., 2005; IPCC, 2007). GHG are gas 
phase components of the atmosphere that contribute to the greenhouse gas effect, 
where the radiant heat from the sun is trapping within the Earth’s atmosphere 
resulting in the raising of temperature. Though the greenhouse gas effect is a natural 
phenomenon and for some level the trapping heat of sun is essential for plants, 
animals, and mankind to live, the level of GHG in the atmosphere has significantly 
increased since the pre industrial time causing a rise in the Earth’s temperature. For 
instance: carbon dioxide (CO2) from 280 to 382ppm, methane (CH4) from 715 to 
1774ppb1, nitrous oxide (N20) from 270 to 320 ppb (NOAA, 2007). 
In regard to CO2 level at atmospheric, it has risen since the pre-industrial revolution 
days and still continues to increase. In conjunction with that, another fact that the 
molecules of CO2 can remain in the atmosphere for up to 200 years aggravates the 
GHG effect on earth. Moreover, the uneven distribution of CO2 emission conduce the 
different mitigation action based on each country’s policy. Since the CO2 level in the 
atmosphere keeps on increasing, scientists have recommended to set 450ppm of CO2 
as a threshold. If the CO2 level increases beyond 450 ppm, the earth’s environment 
                                               
1
 ppb (parts per billion) is by mass. 
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becomes vulnerable to irreversible, detrimental impacts (Rossa et al., 2009). In order 
to mitigate the increasing of CO2 level in the atmosphere, identification of the source 
of CO2 emission is in need. The source of CO2 in the atmosphere is mainly from six 
processes mentioned below (Roosa et al., 2009): 
a. As by product of the conversion process from methane to CO2 in ammonia 
and hydrogen plants; 
b. From combustion of carbonaceous fuels; 
c. As a byproduct of fermentation process; 
d. From thermal decomposition of calcium carbonate (CaCO3); 
e. As a byproduct of sodium phosphate manufacture; 
f. Directly from natural CO2 gas wells. 
 
 
Figure 1.1 Sources of global CO2 emissions, 1970-2004 (only direct emissions by sector) 
(Source: Rogner et al., 2007 ) 
 
Since CO2 emission from fossil fuel use render to the biggest percentage of the total 
GHG emission compared to other GHG emission (see fig. 1.2), eliminating the CO2 
concentration in atmosphere in sustainable manner becomes an urgent matter to 
alleviate the impact of climate change. Based on IPCC (2007) report, the impact of 
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climate change can be various, but the most highlighted is the rise of sea level and the 
global mean temperature by 0.760 since the pre-industrial time. Further, increase in 
global temperature will affect the pattern of precipitation that may result in climatic 
disruption, changes in agricultural yields, glacier retreat, species extinctions, increase 
in the ranges of disease vectors and others (Florides et al., 2009; Rossa et al., 2009). 
This is another reason to reduce GHG emission, especially reducing the CO2 level 
become importunate. 
 
Figure 1.2 Global anthropogenic greenhouse gas emission covered by the UNFCC for 2004 
(Source: Rogner et al., 2007) 
 
In order to minimize the atmospheric CO2 level at atmospheric, a process of 
replacement CO2 into repository that would be able to remain permanently 
sequestered is introduced as Carbon Capture and Sequestration (CCS). Substantively, 
CCS is a natural process that occurs through various ecosystems, for example forests 
and oceans, where the quantity of carbon in Earth’s carbon cycle of land, ocean, and 
air exchanges is ten times the rate of annual CO2 emission. Nevertheless, the natural 
processes do not have the ability to keep the CO2 level in the atmosphere stable. 
Therefore, as a result, the increasing level of CO2 keeps going (Rossa et al., 2009). 
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Regardless, there are several options to reduce CO2 level in the atmosphere, CCS is 
considered as most viable ways in reducing CO2 emission, especially for CO2 
emission that arises from electricity plants. CCS refers to the process of capturing 
CO2 from the large scale emission sources such as exhaust of fossil fuel power plants, 
exhaust of industrial plants, and then compressing or liquefying the captured CO2 
before depositing it in geological formation or under ocean for long term storage. In 
addition, CCS includes the conversion of CO2 gas streams into stable mineral 
carbonate compounds by reacting CO2 with magnesium or calcium oxides (Herzog et 
al., 2004; Dawson et al., 2009; Page et al., 2009). CCS is the only realistic way to 
mitigate the climate change effect whilst we still can continue to use the fossil fuel to 
meet our energy demand supply towards sustainable way (Imperial College London, 
2010a). CCS has become an option since it allowed to continue the use of fossil fuel 
while reducing the CO2 emission from fossil fuel use. Moreover, CCS can build on 
existing technologies of power plant. 
CCS has been widely applied by using chemical or physical absorption in large scale 
petrochemical and petroleum industry and in small scale gas and coal fired power 
plant. However, the technology requires a high cost and the cost itself is not 
competitive with other solutions to climate change problem (Rossa et al., 2009). 
Further, the problem is visible when we concentrate on the matter of high amount of 
energy that is required in CCS process and the problem of CO2 leakage back to 
environment, therefore the CCS was not able to address the issue of sustainability. 
CCS using chemicals such as monoethanolamine (MEA) to absorb CO2 that has been 
scrubbed from flue gases, would require higher energy penalty which is costly. 
Energy penalty is defined as the energy requirement that is used to capture the CO2 
from emission (Page et al., 2009). Meanwhile, CCS using physical absorption is done 
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by capturing CO2 at a higher pressure process (>12%vol), which is more cost 
effective and less energy intensive compared with using chemical. Whether using 
chemical or physical absorption, after the absorption process, the CO2 can be store 
permanently either in geological features, mineral storage or under the sea. Mentioned 
storage options also do not address the issue of sustainability since after some period 
of time, it would leak back to the environment (Herzog, 2005). Moreover, direct 
injection to ocean sinks would affect the local (near the point of injection) pH 
seawater, such as reducing the average ocean pH by around 0.3 (Herzog et al., 2001). 
The decrease in ocean pH in the end would affect the ocean environment that has an 
acute impact to marine organisms, such as: phytoplankton, zooplankton, nekton, and 
benthos at depths of 1000m (Adams et al., 1997; Auerbach et al., 1997; Israelsson et 
al., 2009; Israelsson et al., 2010). 
Therefore, to address the issue of sustainability, CCS by using photosynthesis agents 
that capture CO2 in a sustainable manner become a way to mitigate greenhouse gases 
emission without having the problem of leaking back to the environment. 
In order to cope with the issue of sustainability, the CO2 capture that involves 
biological and ecological processes is introduced.  
A number of studies and a comprehensive review of the broad topic of CCS are not 
the intent of this paper. Chapter 2 of this paper intends to give an overview of the 
development of CCS technologies and briefly examines the current CCS technologies. 
By highlighting the advantages and disadvantages of modern CCS technologies, 
another type of CCS, that is by using biological agents appears as one solution to the 




1.2 Research Problem 
According to Burgermeister (2007), out of a total of 8 billion ton carbon, an average 
of 3.2 billion ton carbon produced by human activities remains in the atmosphere, 2.2 
billion ton stored in the ocean, and 2.6 billion ton siphoned off by land carbon sink, 
which is mainly by forests. Since plants represent the highest capacity to carbon 
sequestration compared to the geological site or ocean storage, focusing on the use of 
plant as photosynthesis agent through light reaction to sequester carbon. Besides, land 
carbon sink via agroforestry systems is known to be a better climate change 
mitigation option than oceanic and other terrestrial options for the environmental 
reason, such as helping to maintain food security and secure land tenure in developing 
countries, increasing farm income, restoring and maintaining above-ground and 
below-ground biodiversity, corridors between protected forests, as CH4 sinks also, 
maintaining watershed hydrology, and soil conservation (Pandey, 2002). 
Carbon captured by using photosynthesis agents has been widely presented in various 
literatures, although most of the literature focused on agroforesty and reforesting 
matter (Pandey, 2002; Masera et al., 2003; Harper et al., 2007). Albercht and Kandji 
(2003) define agroforesty as any land-use system that involves the deliberate 
retention, introduction or mixture of trees or other woody perennials with agricultural 
crops, pastures and/or livestock to exploit the ecological and economic interactions of 
the different components. Though the ability of agroforesty to sequester CO2 is being 
widely recognized, the plant was exposed under CO2 atmospheric which is about 
392ppm (CO2now, 2010). 
Despite the literary discussion about the response of plant that has been exposed to 
elevated CO2 (Liang and Maruyama, 1995; Levine et al., 2008; Allen and Vu, 2009; 
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Zhou et al., 2009), there is a knowledge gap regarding the response of plant if 
exposed to very high CO2 levels, since previous study only used a CO2 level up to 
1500 ppm. Those mentioned levels define as a near-optimal of metabolic consequence 
for differential physiological and developmental response of plant; whereas CO2 
levels up to 10,000 ppm are define as supra-optimal condition (Levine et al., 2008). In 
fact, responses of plant through photosynthesis mechanism under very high CO2 level 
have not been investigated extensively and comprehensively. Bernard et al. (2009) 
investigated the response of the Allogromia laticollaris that have been subjected to 
very high levels of CO2, started from 15,000; 30,000; 60,000; 90,000 and up to 
200,000ppm. Allogromia latticollaris, also known as Foraminifera, is a large group of 
amoeboid protists specimen and does not belong to C3 or C4 plant specimen. C3 plants 
are plants where the photosynthesis pathway is evolved around the Rubisco CO2 
fixing enzyme, thus result in the photorespiration. The photorespiration is occur due 
to the carboxylation of the Rubisco enzyme is suffer from competed with oxygenase, 
and thus limited the photosynthesis of C3 plants, especially at high temperatures. C4 
plants are plants where the CO2 is actively concentrated around Rubisco in order to 
preventing the photorespiration (Farazdaghi, H., 2011; Boom et al., 2002) 
Although CCS technology is a good option for electricity power generation and 
majority of electricity power generation used fossil fuel for combustion process, the 
climate change mitigation act seems only to focus on the source of emission that 
contributes towards the biggest percentage that is CO2 emission from power 
generation. However, the small and middle category of percentage source of 
emissions also needs to be paid attention to, such as from industry, small scale power 
station, or portable generator, since in these mentioned sectors, the use of fossil fuel 
also cannot be avoided. Moreover, the costs of current CCS technologies depend on 
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the CO2 emission that is produced from the power plant. If the CCS technologies 
implement on the low and middle percentage source of CO2 emission, this will result 
in the increase of CCS cost. Therefore, it is not advisable to implement CCS 
technologies on low and or middle scale sources of CO2 emission. 
Portable generators are widely used in various places where there is a lack of 
infrastructure for electricity and water works, such as in a remote areas and islands. 
Normally, the emission produced from portable generators is discarded to the 
environment (Tanaka et al., 2010). A fossil fuel emission from power generation 
typically contains 3-14% (v/v) CO2, 2% (v/v) O2, 500ppm (v/v) SOx, and 100-
300ppm (v/v) NOx (Yoshikara, 1996; Davison and Thambimuthu, 2005; Steeneveldt 
et al., 2006).  Since portable generators also use fossil fuel, such as diesel or gasoline, 
the information of estimated fuel consumption is important in order to calculate the 
CO2 emission that results from the combustion process. Table 1.1 (Diesel fuel 
consumption) shows the estimated diesel fuel consumption based on generator size 
and the load operation of generator. 











75 2.4 3.4 4.6 6.1 
100 2.6 4.1 5.8 7.4 
125 3.1 5 7.1 9.1 
135 3.3 5.4 7.6 9.8 
150 3.6 5.9 8.4 10.9 
175 4.1 6.8 9.7 12.7 
200 4.7 7.7 11 14.4 
250 5.7 9.5 13.6 18 
300 6.8 11.3 16.1 21.5 
350 7.9 13.1 18.7 25.1 
400 8.9 14.9 21.3 28.6 
500 11 18.5 26.4 35.7 
600 13.2 22 31.5 42.8 
750 16.3 27.4 39.9 53.4 
1000 21.6 36.4 52.1 71.1 
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1250 26.9 45.3 65 88.8 
1500 32.2 54.3 77.8 106.5 
1750 37.5 63.2 90.7 124.2 
2000 42.8 72.2 103.5 141.9 
2250 48.1 81.1 116.4 159.6 
 (Source: EmergencyPower, 2010) 
 
In addition, carbon content per gallon in gasoline is about 2,421 grams and for diesel 
is about 2.778 grams. Hence, the CO2 emissions contained in one gallon of gasoline is 
around 8.8 kg/gallon and 10.1 kg/gallon for diesel (EPA, 2010). 
In response to sequester CO2 from power generation plant where mostly during the 
operation use fossil fuel for combustion process, the need to use photosynthesis 
agents that have ability to absorb CO2 up to that level is considered in our study. A 
preliminary study was conducted by Kua et al. (2009) by using mung bean (Vigna 
radiata), which is exposed to very high CO2 levels, starting at 50,000ppm to 
8,000ppm of CO2 at laboratory scale in order to determine the optimal CO2 level for 
mung beans that enables the specimen to remove CO2 in large quantities. One of the 
objectives of this preliminary study was to find the effective starting point of CO2 
level that can be introduced to specimens, so that the specimens are able to remove 
CO2 by a large amount over 24hours of experiment. The result of this preliminary 
study found that at a CO2 starting level of 8000ppm, the specific specimen was able to 
remove the most CO2 amount given to the specimen, compare with other starting 
point of CO2 level, i.e. 50,000ppm, 38,000ppm, 28,000ppm, and 18,000ppm. 
Moreover the study revealed that at the highest peak of the CO2 removal rate of the 
specimens, the specimens able to remove up to 92% of the CO2 introduced to them. 
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Although the preliminary study shows promising results, this preliminary study is still 
not able to address some issues. For example, this study was conducted at laboratory 
scale, where artificial light was provided constantly over 24 hours that enables the 
specimen to perform the photosynthesis process over 24 hours constantly. The use of 
artificial light for 24 hours means higher consumption of electricity. In the end, the 
higher consumption of electricity will lead to the higher fuel consumption associated 
with the power generation that resulted from more CO2 emission due to the 
combustion process during power generation. Besides the limited volume of 
desiccator engender the limited amount of specimens that can be put inside the 
desiccator and therefore assumes that the CO2 gas is distributed evenly. 
In conjunction with previous preliminary study, this study intends to fill the gap by 
investigating the response of mung beans that are exposed to elevated CO2 levels at 
the rooftop scale through a technology called Green Chimney. Rooftop experiment is 
a scale up experiment from the preliminary study conducted by Kua et al. (2009), 
therefore, the starting level of CO2 that needs to be introduced to the specimen is 
8000ppm based on the preliminary study findings. Moreover, to fill the knowledge 
gap from preliminary study, the artificial light is not required for the rooftop 
experiment. In contrary, the natural light from the sun would only be available for 12 
hours on average although the experiment itself would be conducted for 24 hours. 
Hence, it would be interesting to investigate the CO2 removal rate of the specimen 
over 24 hours if the specimen is introduced to high levels of CO2 on the rooftop where 
the light would only be provided for 12 hours. The proposed technology exemplifies a 
relatively easy, feasible and economically viable option into reducing CO2 fossil fuel 
emission through a sustainable manner.  Evidence is provided from the experimental 
data, both from laboratory scale and rooftop scale. 
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1.3 Research Objectives 
The key objectives of this research project are as follows: 
a. Measure the CO2 removal rates of photosynthesis agent (Vigna radiata, Water 
hyacinth, Monstera deliciosa, and Peperomia tuisana) at starting point 
corresponding to 8000ppm of CO2 level over a 24 hour period of time, under 
controlled and uncontrolled (direct sunlight)  luminance, and under controlled 
(for about 30oC) and uncontrolled temperature (for about 40oC) conditions; 
b. Quantitatively assess the effect of elevated CO2 on plant as photosynthesis 
agents; 
c. Identify any changes in the CO2 removal ability of the photosynthesis agents after 
being exposed to high concentrations of CO2; and 
d. Theoretically deduce the likely CO2 removal GChim, by extrapolating from the 
experimental results. 
The short term objective of the project is to qualitatively assess the net CO2 reduction 
by the photosynthesis agents. Meanwhile, the long term goal of this research project is 
to examine the possibility of implementing the green chimney technology as a means 
of carbon sequestration for emission from portable generators in a sustainable manner. 
Moreover, the green chimney technology can be applied not only for portable 
generators; indeed, the technology can be applied to industrial applications which use 
fossil fuel for combustion. Instead of releasing the emission from the industrial site to 
the environment, the emission can be sequestered via green chimney technology, thus 
creating industrial-ecological cycle. In addition, both the short term and long term 
impact to the carbon mitigation action aim to promote the sustainable and industrial-
ecological use of flue gases for urban agriculture or horticulture. 
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1.4 Scope and Methodology 
The scope of this research is focused on the response of photosynthesis agents and 
limited to C3 plants i.e.: mung bean (Vigna radiata). C3 plants are chosen in 
consideration of the fact that approximately 95% of Earth’s vegetation biomass is 
dominated by C3 plants. Besides, C3 plants typically continue to increase the rate of 
photosynthesis and biomass production with the rising of CO2 compared to C4 plants 
(CO2 science, 2010a). Specific reasons for using mung beans as a sample of C3 plants 
will be examined in Chapter 2. 
Figure 1.3 shows the methodology of this study. The process started with a 
preliminary literature review in CCS technology and the effect of elevated CO2 to the 
photosynthesis agent. Presently, the preliminary literature review aims to identify the 
knowledge gaps and to formulate the objectives of this study. In-depth literature 
review enables configuration the theoretical framework that enables the formulation 
of the hypothesis. A design of experiment was formulated in order to fulfill the 
objectives of this study. Starting with the small scale laboratory experiment before 
coming up with a bigger scale such as a rooftop scale, is our consideration when we 
designing the experiment. Some series of experiments have been conducted in order 









1.5 Organization of the thesis 
The report is organized as follows. Chapter 1 is an introduction to describe the 
background of this study and to give an outline on how the study has been conducted. 
Chapter 2 reviews the literature on carbon capture and sequestration technology and 
the effects of elevated CO2 on plants that support the theoretical theory for the study. 
This chapter highlighted the current technology of CCS that has been used for power 
generation plants and its consideration to the implementation of the technology. 
Moreover, the literature about the effect of elevated CO2 gives some support finding 
to this study. Chapter 3 provides the research methodology adopted to conduct this 
study. It explains the research design, the data collection method and data collection 
processes, where we used two types of experimental site, which is the laboratory scale 
and scaled up to the rooftop scale. In Chapter 4, we present our data collection and 
analysis of the data. We also highlighted also our finding, thus projecting the finding 
to the possibility of implementing the green chimney technology into real scale. 
Finally, the conclusions of this study and some proposed recommendations for future 
development of the technology are discussed in Chapter 5. Chapter 6 provides the 












This chapter provides an overview of literature that has been review in order to 
support the study that has been conducted. This chapter starts with an overview of the 
current development of Carbon Capture and Sequestration (CCS), where review the 
three main methods of capturing CO2 in power generations. It then reviews the other 
method to removing CO2 from the atmosphere where it is more environmentally. The 
next section explains the response of plants exposed to elevated CO2, which is varies 
of each type of plants. Afterwards, the chapter covering the advantages of 
hydroponics system since it is being used in the experiment. The last sections present 
the review of Powder X-Ray Diffraction (PXRD) as a one method to test the plant 
that has been used in the experiment. 
 
2.1 Current Development of CCS 
Triggered by the greenhouse gas problem that started to occur in the late of 1970’s, 
the study of CO2 mitigation started in the early 1980’s at the Carbon Dioxide 
Research Division (CDRD) under the U.S. Department of Energy. The studies 
included the removal, recovery and disposal of CO2 in the ocean; CO2 disposal in 
depleted, oil, coal, gas wells; CO2 disposal in solution mined salt domes; the effect of 
improved energy efficiency and conservation on CO2 emission; the effect of fuel 
substitution on CO2 emission, and using oxygen burning of fossil fuel with recycled 
CO2 for recovery of CO2 from power plants (Steinberg, 1992). 
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Based on the option of carbon capture, Table 2.1 shows the worldwide potential 
capacity to store CO2:  
Table 2.1 The worldwide capacity of potential CO2 storage reservoirs  
Sequestration option Worldwide capacity 
Ocean 1000 GtC 
Deep saline formations 100-1000 GtC 
Depleted oil and gas reservoirs 100 GtC 
Coal seams 10-100 GtC 
Terrestrial 10 GtC 
Utilisation <1 GtC/year 
(Source: Herzog, 2001) 
 
The concept of CO2 capture is not new since it has been widely applied in natural gas 
and chemical processing industry (Gupta et al., 2003). However, the purpose of CO2 
sequestration in a power generation is relatively new. There are various methods in 
capturing CO2 from power generation emission, where three main overall methods of 
capturing CO2 in power generations have been, mentioned: post combustion capture, 
and oxy-fuel combustion, and pre-combustion captured (Davison and Thambimuthu, 
2005). Figure 2.1 illustrates the block diagram of post combustion, pre combustion, 




Figure 2.1 Block diagrams illustrating post combustion, pre combustion, and oxy combustion systems 
(Source: Figueroa et al., 2008,p.11) 
 
 
a. Post combustion capture 
Post combustion capture is capturing CO2 process in the downstream of a 
carbonaceous fuel based combustion unit by separating CO2 from the flue gas. 
Basically, the fossil fuels are combusted in excess air, thus resulting in a flue gas 
stream which contains CO2 with concentration of 12-15%vol (for modern coal fired 
power plant) or 4-8%vol (for natural gas fired plants) and it only require low pressure 
(less than 0.15atm). The process uses solvent to reversibly react with CO2 by applied 
heat to remove the CO2 from flue gas and produce pure CO2. This method has been 
widely used in coal and oil fired power plants by using chemical solution 
(monoethanolamine/MEA) to scrub the flue gas (Davison and Thambimuthu, 2005). 
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In post combustion capture, MEA mixes with flue gases, subsequently the MEA 
solution passes through a stripper for a reheat process in order to release almost pure 
CO2. Meanwhile, the MEA solution can be recycled to the absorber (Stewart and 
Hessami, 2005). 
Besides using MEA, ammonia based wet scrubbing that uses a dilute solution of 
around 30% MEA in water, such as aqueous ammonia is also used in the post 
combustion capture. While ammonium carbonate (AC) reacts with CO2, it forms 
ammonium bicarbonate (ABC) with lower heat of reaction compared to amine based 
systems, thus resulting in energy savings and providing limited absorption cycle 
(Figueroa et al., 2008). 
There are advantages of using ammonia based absorption, such as high CO2 capacity, 
lack of degradation during absorption, tolerance to oxygen in the flue gas, low cost, 
and high pressure regeneration (Figueroa et al., 2008). Meanwhile, the disadvantage 
of this method is the need for large energy to release CO2 at regeneration process of 
the solvents considering the low CO2 concentration in power generation gas emission 
which is typically about 4 to 14% vol (Davison and Thambimuthu, 2005). 
The latest development of post combustion capture technologies was Calcium looping 
cycle that utilizes CaO from natural limestone (CaCO3) in a reversible reaction with 
CO2 from the flue gas. The reaction produces a pure stream of CO2. The advantage of 
this method is the possibility to integrating with the cement industry since the product 
of reaction can be used to produce cement, hence can reduce the emission by up to 
50%. The disadvantage of this method is that the ability of CaO to take up CO2 




b. Pre combustion capture 
In short, pre combustion capture is the process of de-carbonization of fossil fuel 
through gasification that controlled oxygen or air or through steam reforming. The 
fuel is converted to carbon monoxide (CO) and hydrogen (fuel gas). Hereafter, CO, 
through shift conversion process, will be converted to CO2 to produce hydrogen (H2) 
and pure CO2. Typically, the concentration of CO2 in this stream is around 25-40% 
and the total pressure ranged from 2.5-5 MPa, thus the partial pressure of CO2 is 
higher compared to post combustion capture technology and results in easier 
superstation process by using solvent scrubbing (Gupta et al., 2003). This method has 
been used widely in Integrated Gasification Combined Cycle (IGCC) where the 
gasification of fuel burnt in small amounts of O2 to produce a gas that is rich in CO2 
and H2 by reacting CO2 with water (water-gas shift reaction). The next process is the 
process to separate CO2 that is used for sequestration and H2, where the H2 goes to a 
turbine to produce electricity (Imperial College London, 2010a; Herzog and Golomb, 
2004). The pre combustion process could be utilized when using natural gas as 
primary fuel, thus using a synthesis gas that form by reacting natural gas with the 
steam to produce CO2 and H2 (Herzog and Golomb, 2004). In order to reduce the cost 
and size of capture facilities, the concentration and pressure of CO2 need to be 
increased (Figueroa et al., 2008). 
Moreover, pre combustion capture can be done by using membrane technology that is 
able to improve absorber and stripper process that results in the increase of mass 
transfer area. Instead, the separation process was done by amine, not by the membrane 
itself (Stewart and Hessami, 2005). Polytetrafluoroethylene (PTFE) membrane is one 
of the membrane examples. Besides, it is possible to avoid vapour liquid contact 
surface problem by implementing this technology. 
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The advantages of pre combustion capture are CO2 is not yet diluted by the 
combustion air and containing stream of CO2 is taking place at elevated pressure, thus 
the separation method can be done by using pressure-swing-absorption in physical 
solvent, such as methanol or polyethylene glycol that results in higher efficiency 
(Herzog and Golomb, 2004). 
Table 2.2 summarizes the commercial CO2 scrubbing solvents that is available in the 
industry.  
 
Tabel 2.2 Commercial CO2 scrubbing solvents available in industry  
  Solvent name Solvent type Process conditions 
Physical solvents 
Rectisol Methanol -10/-70⁰C, >2MPa 
Purisol n-2-methyl-2-pyrolidone -20/+40⁰C, >2MPa 
Selexol 








(Organic / Amine 
Based) 
MEA 











Econamine 6n diglycolamine 80-120⁰C, 6.3Mpa 
ADIP 
2-4n diisopropanolamine 2n 
methyldiethanolamine 35-40⁰C, >0.1MPa 
MDEA 2n methyldiethanolamine 
Flexsorb, KS-1, KS-2, 
KS-3 Hindered amine 
70-120⁰C, 2.2-7 Mpa Chemical solvents 
(Inorganic) Benfield and versions 
Potassium carbonate & 
catalysts 





Mixture of DIPA or MDEA, 
water and tertahydrothiopene 
(DIPAM) or diethylamine 
>0.5MPa 
Amisol 
Mixture of methanol and 
MEA, DEA, diisopropylamine 
(DIPAM) or diethylamine 
5/40⁰C, >1MPa 




c. Oxy combustion capture 
Oxy combustion capture is an alternative and promising way to capturing carbon from 
fuel gas, since when a fossil fuel (coal, oil and natural gas) is combusted in air, the 
fraction of CO2 in the flue gas is quite high (ranges from 3-15% depends on the fuel’ 
carbon content) and the need of excess air for combustion process that resulted in high 
energy intensify (Herzog and Golomb, 2004). Oxy combustion involves burning fuel 
with a mixture of pure O2 (greater than 95%) instead of air and CO2 from recycled 
flue gas (therefore composed mainly of CO2 and water) in order to moderate the flame 
temperature and eliminate incondensable gases (Kanniche et al., 2010). The 
advantages of this method are the decrease of flue gas volume and increase of CO2 
concentration that results in a reduction of air separation and flue gas recirculation 
costs (Figueroa et al., 2008). Although oxy combustion is an emerging option, some 
issues such as the very high combustion temperatures and the cost of producing the 
pure stream of O2 need to be address.  
In order to select which CO2 capture technology is suitable, there are some factors 
that need to be considered, such as: partial pressure of CO2 in the gas stream, extent of 
CO2 recovery required, sensitivity to impurities (i.e. acid gases, particulates), purity of 
desired CO2 product, capital and operating cost of the process, the additional cost to 
overcome fouling and corrosion that impact the environment. 
As an add-on technology which has been developed for many years, CCS has a 
number of gaps which include the improvement of specific chemical and physical 
solvents that are used in post combustion processes in order to decrease the energy 
penalty, better and cheaper membranes to increase CO2 concentration, more efficient 
in air separation technologies, cheaper and more efficient fuel cells in order to convert 
chemical energy stored in hydrogen or methane into electricity, hydrogen turbines and 
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others (IEA, 2004). Compared with the same process in power generation without 
CO2 capture add-on, the additional costs and reduction in the energy efficiency of 
power plants become the main problem of CCS to compete with. In addition, CCS, 
from the environmental perspective, is not always able to tackle the problem of CO2 
emission. Some previous studies mentioned above showed that CCS can create 
environment problems, such as leakage back to atmosphere, although it would happen 
after some period of time, or decreasing pH of the ocean (Adams et al., 1997; 
Auerbach et al., 1997; Herzog et al., 2001; Herzog, 2005; Israelsson et al., 2009; 
Israelsson et al., 2010). 
Nonetheless, CCS is still the best option to reduce CO2 level at atmospheric as CCS 
able to reduce the CO2 in a large scale and the implementation  
 
2.2 Biosequestration 
The current CCS technology eventually needs to store the captured CO2 by using 
ocean or geological site, where most of the aforementioned options offer short term 
solutions that are associated with the leakage of CO2 back to the environment with 
time (Herzog, 2005; Stewart and Hessami, 2005). Hence, biosequestration can be an 
option to capture and sequester CO2 without CO2 leaking back to the environment, 
thus creating an option in a sustainable manner. 
Biosequestration refers to the process of removing CO2 from the atmosphere through 
biological processes. It is an environmentally benign technology in order to sequester 
CO2. According to Dawson and Spannagle (2009), there are two types of 
biosequestration: those that prevent the release of CO2 to the atmosphere, and those 
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that remove CO2 from the atmosphere. Mitigation actions that prevent the release of 
CO2 to the atmosphere can further be divided into avoided deforestration and 
wetland/peatland conservation. Meanwhile, the mitigation actions that remove the 
CO2 can be divided into afforestration/reforestration and improved land management 
activities. 
According to Miller and Spoolman (2008), there are several approaches for 
biosequestration, namely: planting of trees and planting large areas with fast-growing 
plants. These approaches, however, have a potential drawback to the environment 
since plants also produce CO2 during photorespiration. Photorespiration is an opposite 
process of photosynthesis, where in this process, plants release CO2 when the 
atmospheric CO2 concentrations are low (Cohen and Waddell, 2009). In addition, 
removing CO2 by using biosequestration is not merely about reforestration and land 
management, broadly it includes the carbon capture and sequestration by using 
photosynthesis agents, such as algae and green plants. In the photosynthesis process, 
carbon concentrating mechanism (CCM) plays a major role and acts as an enhancer 
for higher growth rates in algae, thus algae has been used as a CO2 sequester 
(Ramanan et al., 2010). Further, algae known as unicellular plants that have the 
ability to thrive in environments with high CO2 content can also be useful as 
byproducts, such as biomass, bio-diesel fuels, paper or plastic products, and starches 
that can be used to produce ethanol (Rossa et al., 2009). Besides, algae do not require 
the use of potable clean water to pullulating. Hence, the use of algae to sequester CO2 
emission from power plant is currently under investigation. However, as algae 
requires water for growth, a large amount of land is needed to build an algae farm, 
although comparing the land area needed, the space required for planting corn is 
larger. However, corn can produce ethanol as a byproduct as well. According to Rossa 
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and Jhaveri (2009), it requires approximately 0.8 hectares of algae to process the 
carbon generated by one megawatt of electricity produced by a typical coal-fired 
power plant. For example, Dr. Isaac Berzin, who founded GreenFuel Technologies, 
needed $11 million to construct an algae bioreactor system that is connected to the 
power plant’s exhaust stacks. Based on the theoretical calculations, if the system is 
attached to a 1,000 MW power plant, it can produce 40 million gallons of biodiesel 
and 50 million gallons of ethanol in a year. Moreover, it can also reduce CO2 
emission by 40% and nitrous oxide emission by 86% (Clayton, 2006). However, the 
systems requires 2,000 acre of algae farm, where the algae filled tubes near the 
location of power plant. Besides, the high cost to scale up the technology becomes the 
disadvantage on issue of using algae for CCS purpose. 
 
2.3 Elevated CO2  
Photosynthesis is known to be the primary process that drives plant growth. It can be 
divided into two main phases, there are light and dark reactions. During the light 
reaction, the light energy is absorbed by chlorophyll molecule in cell membranes 
(thylakoids) where electrochemical reactions commence and generate two vital 
biological compounds, i.e. adenosine triphosphate (ATP) and reduced pyridine 
nucleotide (NADPH). It requires two membrane-bound photochemical, so called 
photosystems I and II, where each system operates in series. The oxygen will be 
released as a by product at the end of this reaction. 
Dark reaction is the continuation of light reaction, where ATP and NADPH are used 
within cells for the formation of carbohydrate (sugars) from carbon dioxide through a 
series of biochemical intermediates. During the dark reaction, Rubisco enzymes 
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catalyze the carbon dioxide to ribulose diphosphate and, together with water, carbon 
dioxide, then produce sugar molecules. 
During the CO2 absorption process, the plant needs water since through transpiration 
of low CO2 from environment (0.03% in air), it requires vast water loss (Collings et 
al., 2005). The natural photosynthesis follows reaction in the carbon fixation process 
as per below: 
 …………………………(2.1) 
Photosynthesis is affected by the environment and vice versa (Yin, et al., 2009). Since 
the environment affects photosynthesis, it becomes interesting to see the response of 
plants when the level of CO2 in the environment is increased. When the CO2 level 
increases, photorespiration is minimized for C3 plants and photosynthesis rates can be 
maximized. This results in C3 plants photosynthesizing at higher rates than C4 plants 
at higher CO2 levels. As the photosynthesis rates of plants increase, so will the 
temperature increases.  However, photosynthesis ceases when a threshold temperature 
is reached (Cohen and Waddell, 2009). Therefore, studies regarding the effects of 
elevated CO2 to the plant is increasingly urgent.  
The response of plants exposed to elevated CO2 is not universal, since the 
photosynthesis mechanism of each plant varies (Cohen and Waddel, 2009). For 
example, plants increase their productivity, growth, and photosynthesis activity (Du 
Cloux et al., 1989; Moussean and Enoch, 1989), the biodiversity of ecosystem 
changes (Naeem et al, 1994) or there is no notable response (Lawton, 1995). The first 
study which has been conducted by Eamus and Jarvis (1989) found that the net 
photosynthesis rate of C3 plants will increase if subjected to elevated CO2. Moreover, 
plants could grow faster by up to 50% when subjected to 1,000ppm CO2 compared 
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with ambient condition (DeLucia et al., 1999; Gielen and Ceulemans, 2001; Blom et 
al., 2002; Norby et al., 2004). A similar study has been conducted by Tognetti et al. 
(2001) who discovered the higher net photosynthesis rate of olive trees (Olea 
europaea L.) that has been exposed to elevated CO2 in free-air CO2 enrichment. Blom 
et al. (2002) then invigorate the result by finding an increase of up to 50% plant 
growth for plants that have been exposed to 1,000ppm compared with plants exposed 
to ambient CO2 level. Further, based on the study conducted by Croonenborghs et al. 
(2009), the elevated CO2 (750ppm) resulting from the increase of total leaf area (34%) 
and leaf thickness (11%) for three species of ornamental bromeliads, i.e.: Aechmea 
‘Maya’ (CAM), Aechema fasciata ‘Primera’ (CAM), and Guzmania ‘Hilda’ (C3). 
However, Allen and Vu (2009) found that an increase in net photosynthesis rate was 
regulated by the availability of water and surrounding temperature, which in turn 
determine the vapor pressure deficit. The study conducted by Allen and Vu (2009) 
was used young sour orange trees grown under midlattitude desert conditions and 
compared with the sour orange trees grown in humid subtropical climate.  
Another study was conducted by using higher CO2 level compared to aforementioned 
studies. Levine et al. (2008) used wheat seedlings that were subjected to elevated CO2 
of 1,500ppm and 10,000ppm. They found that at 10,000ppm, the specimens had 
higher transient starch content, although only 1,500ppm showed an increase of initial 
growth rate. However, both types of specimens showed increase in biomass up to 
25% over the controlled plant (after 4 weeks of experiments). Meanwhile, Bernard et 
al. (2009) who concentrated their study on the effect of super-elevated CO2 in the 
deep ocean by using Allogromia laticollaris, found that the specimen was able to 
survive up to 200,000ppm where the temperature was maintained at 230C, though the 
rate of survival is statistically lower than under atmospheric conditions. Although 
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there has been study conducted under super-elevated CO2 (Bernard et al., 2009), none 
has been conducted to examine the response of plant, especially plants that 
categorized as C3 plants, exposed to super-elevated CO2 levels. 
Rhee and Iamchaturapatr (2009) conducted qualitative measurement of CO2 removal 
by five wetland plants (Cyperus alternifolius, Dracaena fragrans, Iris ensata, Iris 
setosa and Thalia dealbata) by exposing them to CO2 from 500 to 2,500ppm at a 
constant temperature (25oC). They measured the amount of CO2 reduction for each 
input concentration of CO2 given to the plants and found that increasing CO2 input 
was proportionate to the rate of removal. Further, they found that the specimens 
reduce the CO2 input of 2,500ppm to less than 200ppm when the retention time of 
CO2 in the glass enclosure was longer than 5 hours. 
 
 
2.4 Hydroponics System 
Most studies related to the response of plants with elevated CO2 considered the effect 
of microbial component of the monitored system that can be found in the soil 
(Tognetti et al., 2001; Somova et al., 2003; Levine et al., 2008). 
Soil is a porous medium comprising materials that are both inorganic, such as: sand, 
clay, other inorganic matter and minerals, and organic material, such as twigs, roots 
and decaying plants and animals. The texture and composition broadly differ so that 
no two samples of soil could be considered as alike. However, hydroponics as a soil-
less media which may use a water solution is an exception (Ong et al., 2005). 
Therefore, hydroponics method has been chosen for this study in order to avoid any 
influence from the soil to the CO2 level that has been monitored, since soil has the 
ability to behave as a sink/sequester or a source of CO2 under different environment 
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changes (Lal, 2004; Del Galdo et al., 2006; Lal et al., 2007). Moreover, Del Galdo 
(2006) concludes that the increase of atmospheric CO2 concentrations will decrease 
the soil C in chaparral ecosystems and the micro aggregate fractions is the most 
responsive to increasing CO2. A lot of studies have been conducted to see the effect of 
enhanced CO2 level to soil and the organisms inside the soil (Li, X et al., 2010; 
Cardon et al., 2001, Matamala and Schlesinger, 2000). Though soil can be used as a 
sink to store CO2 (geological site), Phillips et al. (2001) found limited potential for 
long term Carbon sequestration by soil due to reduction in CH4 soil sink. 
Furthermore, using soil in the study would result in a complex system of 
photobioreactor, thus requiring complex modeling and calculation of carbon and 
energy balance due to the need to consider the CO2 effect from soil. Therefore, in 
order to make the modeling and calculation simpler in this study, avoiding the use of 
soil in the controlled elevated CO2 environment is needed. Besides, one of the 
objectives of this study is to know the net amount of CO2 that can be absorbed by 
plant only without considering the CO2 amount that can be absorbed by soil. 
Hydroponics system (known as Nutrient Film Technique) is defined as technology or 
method to growing plants in nutrient solution (water and fertilizers) with or without 
the use of an artificial medium (e.g. sand, gravel, vermiculite, rock wool, peat moss, 
sawdust) to provide mechanical support (Jensen and Malter, 1995; Tan Nhut et al., 
2004). Moreover, the hydroponics system is commonly used in greenhouses since it is 
easier to control the temperature, reduce evaporative water loss, and to give better 
control of diseases and pest infestations that can arise from using soil as a medium 
(Jensen and Malter, 1995). 
The advantages of using hydroponics are that the space needed for the plant to grow is 
small, the system enables it to operate in any size of water flow, eliminate soil borne 
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weeds, diseases and parasites, the system does not require a special drainage system, 
ability of various plants to grow under this system, and the system can be 
implemented in various spaces available (such as various containers, channels, pipes 
and so on).  Further, the growth rate of plants that used hydroponics system is 30-50% 
faster than a soil plant that is grown under the same conditions. However, the 
disadvantages of hydroponics system are related to the high set up cost and difficultly 
in set up for small scale systems (Haddad et al., 2010). 
This study conducted by using water hydroponics system, where there is no other 
supporting medium for the plant roots, except water. Though it is aforementioned that 
there are constraints in setting up hydroponics systems at a small scale, in this study, 
we found that no constraints in setting up a hydroponics system, since in the 
photobioreactor, the use of nutrient solution is avoided. The liquid that has been used 
in this study is tap water with an assumpted pH. Therefore, there is no effect from 
liquid solution to the reduction of CO2 inside the photobioreactor. 
 
2.5 Powder X-Ray Diffraction (PXRD) 
According to Hall et al. (1993), the CO2 that is generated from the combustion of 
methane or natural gas is not recommended for use as an input in the photosynthesis 
of plants, since the combustion process itself releases varying levels of hydrocarbons 
that can have toxic effects upon the plants. 
As previously explained, this study has been conducted at two different scales, 
namely laboratory and rooftop scale where the specimens were exposed to high levels 
of CO2. Since the chosen specimen in this study is categorized as an edible plant, a 
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test has to be conducted in order to make sure that the component and/or structure 
inside the specimen does not change drastically. Detailed description about the 
component and/or structure contained inside the specimen is not presented in this 
paper, since it is beyond our scope of study. However, PRXD test is chosen in order 
to identify the change in crystalline components of specimen. PXRD done by 
characterizing the specimen through the PXRD test provides a method of 
characterizing materials through crystal structure.  PRXD test has been conducted by 
the Department of Chemistry, Faculty of Science, National University of Singapore, 
in order to support our findings later on.  
W.C. Röentgen in 1895 discovered the technology of X-rays. There are three major 
uses of X-Rays: X-ray radiography that is used for creating images of light-opaque 
materials, X-ray crystallography to discover the structure of crystalline materials, and 
X-ray fluorescence to determine the amounts of particular elements in materials. 
According to Azaroff et al. (1974), X-ray is a non-destructive form of electromagnetic 
radiation that when interacting with matter displays dual properties of waves and 
particles that determines the three dimensional structure of single crystal. Further, x-
ray powder diffraction is used to determine a range of physical and chemical 
characteristics of materials. It has been standardize by the European Standard Norms 
ESN under documents PrEN (WI 138079, WI 138080, WI 138081, WI 138070). The 
application of x-ray powder diffraction include phase analysis, i.e. the type and 
quantities of phase present in the sample, the crystallographic unit cell and crystal 
structure, crystallographic texture, crystalline size, macro-stress and micro-strain, and 
also electron radial distribution functions (Will, 2006). 
X-ray diffraction results from the interaction between X-rays and the electrons of 
atoms. Depending on the atomic arrangement, interferences between the scattered 
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rays are constructive when the path difference between two diffracted rays differs by 
an integral number of wavelengths. Bragg’s law explains this condition: 
………………………………………………………………… (2.2) 
where  is the wave length,  the -spacing and   the Bragg angle, which is 
half the angle between incident and reflected beam. H indicates triplet hkl of each 
lattice plane. 
Electron diffraction is not considered in X-ray diffraction. However structural aspects 
are considered, independent of radiation, where it is limited to coherent and elastic 
scattering. 
The PXRD test conducted by Department of Chemical, used a Bruker AXS D8 
Advance, where high (28oC-1200oC) or low (-150oC – 450oC) temperatures can be 
used to perform the analysis. Besides, the ability of this equipment to perform the 
analysis in vacuum or atmospheric condition becomes one of the advantages of 













This chapter describes the methodology used to carry out the study. It starts by 
outlining the research design, followed by describing the materials and methodology 
of data collection, which is done through conducting the experimental analysis. This 
chapter concludes with a review of the data collection process and a summary. 
The selected research design for this study is an experimental and observational in 
laboratories scale and rooftop scale because it provides in-depth evidence based on 
the real data. According to Tan (2008), an experimental design is used if there are 
fewer variables in the hypothesis and the possibility exists for manipulating some of 
these variables to ascertain their effects. Since the study is conducted by using several 
variables with controlled (manipulating) conditions, therefore experimental study is 
the suitable option to collect the data. In order to support better theoretical framework, 
the experimental study started on a small scale (laboratory scale) before progressing 
to the real application of the Green Chimney technology. The method of data 
collection is based on direct observation and monitoring, where CO2 level (in ppm) 
becomes the main issue. 
 
3.1 Overview of the experiment 
The experiments are conducted in two parts. The first experiment is conducted at a 
laboratory scale in order to find the effective starting point of CO2 level that has to be 
introduced to the specimen. Moreover, the physical observation of specimens focused 
on the ability of the specimen to survive under such extreme CO2 levels becomes the 
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other objective of this scaled down experiment. Furthermore, the second part of the 
experiment was conducted on a rooftop. A rooftop was selected since it provides the 
availability of sunlight, although the illuminance depends on the weather. Besides, 
rooftop is a space that is not considered as a useful place for a building. 
The population of the sample used is photosynthetic agent, which are: mung bean, 
Water hyacinth, Monstera deliciosa, and Peperorima, as all these plants were 
categorized as C3 plants. 
 
3.2. Materials 
3.2.1 Plant Materials 
3.2.1.1 Mung bean (Vigna radiate (L.) Wilczek) 
To focus on the study, the photosynthesis agent is limited to one type of plant, that is 
Mung bean (Vigna radiata). Mung bean is classified as Leguminosae, family 
Papilionoideae, genus Vigna, and subgenus Ceratotropis. According to Poehlman 
(1991), mung bean is a leguminous or pulse crop that contains rich proteins, and is 
edible. In addition, mung bean is adaptable to multiple cropping systems in dry and 
warm climates of lowland tropics and subtropics, due to its rapid growth and early 
maturity. Besides, flowering in mung bean is delayed by long photoperiods and 
hastened by high temperatures. Furthermore, mung bean grows best in deep loam or 
sandy loam soil and matures in limited soil moisture.  
The basis for selecting mung bean was for the following reasons:   
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a. Categorization as a dicotyledonous C3 plant. C3 plants are plants whereby the 
CO2 is first fixed into a compound containing three carbon atoms before entering the 
Calvin cycle of the photosynthesis process (Poehlman, 1991; Biology-online, 2009). 
Besides, plants that are categorized as C3 plants do not need high radiation and high 
temperature (Purwono et al., 2008). In addition, seed yield is an end product of 
photosynthesis as a source, translocation, and storage of assimilate. Photosynthesis is 
a function of the total leaf area and the solar radiation intercepted. 
b. C3 plant has been chosen since this kind of plants is the vast majority of the 
common plant species. Therefore, the result of this study can be used to generalize 
other C3 plants’ reaction in Green Chimney technology. C3 plants must remain alive 
in areas where CO2 concentration is high, temperature and light intensity are moderate 
and ground water is abundant. In hot areas, stomata of C3 plants will close in order to 
prevent the loss of water. Compared to C4 plants which have four carbon atoms, C3 
plants show a greater increase in photosynthesis with a doubling of CO2 
concentration. 
This will support our study since in Green Chimney, the use of high concentrations of 
CO2 is part of the methodology. 
c. Mung bean has a fast growth rate (Poehlman, 1991; Purwono et al., 2008). It 
takes about 10-14 days (depends on the sunlight condition) to grow. 
d. Mung bean is a warm-season crop. Mung bean is grown mainly in semiarid to 
subhumid lowland tropics and subtropics with 600 to 1,000 mm annual rainfall. The 
mean temperature during the period of crop production is between 20o to 30oC and 
maximum elevations between 1,800 to 2,000 m. 
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e. Mung bean has the ability to grow under a range of conditions, whether in dry 
land or less fertile soil. Moreover, mung bean is able to resist pest and plant diseases 
(Purwono et al., 2008). 
f. Mung bean has a vast range of availability and is easy to find. Besides, mung 
bean is categorized as a food crop. Therefore, from an economic perspective, the price 
of mung bean is relatively stable and cheap (Purwono et al., 2008). 
 
For the experimental purpose, mung bean was first grown in soil under Singapore 
environment condition. The mung bean cultivated at outside of the Department of 
Building, School of Design and Environment, National University of Singapore 
during the period of June to October 2009 for the laboratory experiment purpose and 
on the period of March to August 2010 for the rooftop experiment purpose. Table 3.1 
shows the temperature and humidity of Singapore for the period of 2009 - 2010. 
Table 3.1 The temperature and humidity of Singapore for the period of 2009 - 2010 
 
(Source: NUS Geography Weather Station, 2011) 
 
The cultivated process took, approximately, 14 days until the leaf grows. The medium 
to grow was soil. There are no special treatments such as fertilizer or any solutions 
during the planting time. After the leaves of mung bean grow sufficiently, the author 
large removes the mung bean plant and cleans the roots from the soil by using tap 
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water (see figure 3.1). The purpose is to omit the CO2 emission that comes from 
microorganism and decay of organic materials in the soil, thus hydroponics systems 
need to be adopted for this study. The total area of leaf was measured by using tracing 
paper with millimeter grid pattern. Sufficient plants were gathered to get the total leaf 
area of, respectively, 500 cm2, 1000cm2, and 2000cm2. The same method of 
measuring leaf area is also used to measure the leaf of other types of plant used in this 
experiment. The tracing paper with millimeter grid pattern was put on the leaf. 
Measuring leaf area is done by tracing how many squares (1 small square equal to 
1cm2) that are able to cover the surface of the leaf. The area that is measured is only 
the surface area of one side of the leaf (above), and does not include the area on the 









3.2.1.2 Water Hyacinth (Eichhornia crassipes (Mart. And Zucc.) Solms ) 
Besides mung bean, another type of C3 plant used in this study is common water 
hyacinth (Eichhornia crassipes). Water hyacinth is classified as Commenlinales, 
family Pontederiaceae, and genus Eichhornia. The purpose of using a different type 
of C3 plant is to compare the CO2 rate between mung bean and water hyacinth. The 
selection of this kind of plant was based on the reasons below: 
 
Figure 3.2. Water Hyacinth (Eichhornia crassipes) (Source: Wikipedia, 2010) 
 
a. Water hyacinth is a free-floating perennial aquatic plant (Penfound et al., 
1948) which means that the hydroponics method is suitable for this plant as a 
medium to grow. 
b. Water hyacinth has broad (10-20 cm across), thick, glossy and ovate leaves, 
whose height can reach up to 1 meter above the water surface. 
c. Water hyacinth is known as the fastest growing plant. Hyacinth reproduces by 
way of stolons from the daughter plants. 
d. Water hyacinth is one type of plant that is able to cause damage, such as: 






3.2.1.3 Monstera deliciosa (Frederik Michael Liebmann) 
Monstera deliciosa is classified as Alismatales, family Araceae, and genus Monstera. 
a.  Monstera deliciosa is a creeping vine with aerial roots; 
b.  Monstera deliciosa has the ability to grow up to 20 m high; 
c.  Monstera deliciosa has large, leathery, glossy, heart-shaped leaves 25–90 cm 





Figure 3.3. Monstera deliciosa (Source: Wikipedia, 2010) 
 
3.2.1.4 Peperomia tuisana (Callejas Ricardo) 
Peperomia tuisana, known as readiator plant, is classified as Magnoliopsida, family 
Piperaceae, and genus Peperomia. 
a. Peperomia is one of the Piperaceae family that comprises over 600 species 
(Veloso et al., 2006); 
b.  Most of peperomia plants are compact, small perennial epiphytes growing on 








Figure 3.4. Peperomia tuisana (Source: Wikipedia, 2010) 
 
3.2.2. Photobioreactor 
To control the environmental condition for the specimen to stay alive during the 
exposure of elevated CO2, specific design was chosen for laboratory and rooftop 
experiment. The objective of the study is to determine the design selection of the 
photobioreactor, since the environment within the photobioreactor should be kept as 
homogeneous as possible. The degree of gaseous and temperature homogeneity 
within the photobioreactor should be maximized and it depends upon boundary layer 
conductance to heat and gaseous transfers. In contrast, the gradient of CO2 and 
temperature across and along the leaf should be minimized in order to well define the 
microclimate based on assimilation rate (Hall et al., 1993). There are a few number of 
configurations of photobioreactor that have been investigated, such as: tubular, 
helical, flat plate, and tanks. According to Collings et al. (2005), the photobioreactor 
design with the highest potential is the flat-plate reactors, as it is easy to scale up. 
Besides, the performance of photobioreactor depends on the light availability within 
the reactor, chemical conditions (e.g. pH, concentration of various species, etc), 




However, in this study, the design of photobioreactor for both experiments, laboratory 
and rooftop experiment is different as the effect of different designs is not the focus of 
this study. Nevertheless, the material of the photobioreactor for both experiments was 
glass material. The design of photobioreactor for rooftop experimentals refers to the 
design of phyto-reactors for aquatic plants (Rhee et al., 2009), whereas the design of 
photobioreactor for laboratory experiments uses glass desiccators. According to Hall 
et al. (1993), glass materials are near ideal for photobioreactor, in terms of 
permeability, absorption and light penetration. Although glass was the least water-
retentive material compare to other materials used in chamber construction, the risk of 
breakage and technical difficulties of inserting fans, thermocouples and other 
equipment hinder the use of glass materials. 
Further, externally and internally illuminated of photobioreactor were used in this 
study. Internally illuminated photobioreactor was used in laboratory experiments by 
using two 23 W of cool daylight bulbs with color temperature 6500K. In this type of 
experiment, the photobioreactor was maintained at 2000±500 lux. 
Closed systems were used for both experiment at laboratory and rooftop. In a closed 
photobioreactor system, CO2 is pumped from a CO2 source, either from a CO2 tank 
that contains pure CO2, used for laboratory experiments, as well as from a portable 
generator, used for rooftop experiments. 
The laboratory scale photobioreactor was set up with 5.5 L spherical desiccators, 
whilst the rooftop scale photobioreactor was set up with standard glass tank. The 
dimensions of tank are 610 × 305 × 355 mm with 5mm of thickness. In order to 
provide an enclosed environment for the rooftop experiments, covers for the top and 
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bottom of each tank was made using acrylic with dimensions 700 × 400 mm with 
10mm thickness. The configuration of the rooftop scale set up can be seen in Figure 3.  
 
 
Figure 3.5. The configuration of rooftop scale set up 
 
According to Hall et al. (1993), closed systems are the simplest configuration, since it 
is least demanding in terms of the IRGA (Infra Red Gas Analyzer) and requires no 
measurement of flow rate. However, there are disadvantages of using closed systems, 
i.e.  complicate the determination of volume, and recirculation of the air will result in 
a continuous rise in humidity. In closed systems, the wet humidity will get trapped 
and produced a variable volume of liquid water that represents a sink for CO2. As 
closed system configuration is used in the laboratory and rooftop experiments, the 
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need to keep the photobioreactors air tight is necessary, since it avoids the increase in 
pressure and leakage of CO2 from the tank (Hall et al., 1993). 
 
3.2.3 CO2 sensors 
The CO2 sensors used in this study were of two type, which were: Telaire® 7001 
hand-held CO2 monitor by GE for monitoring CO2 levels below 10,000ppm and Fuji 
Electric® (type: ZSV) portable infrared gas analyzer used for monitoring CO2 levels 
above 10,000ppm, with the readings recorded every minute interval using a data-
logger. However, for the rooftop experiments, the Fuji Electric® IRGA is not used 
since electrical power supply is not available on the rooftop area. The Telaire® CO2 
sensor is equipped with a data-logger which has been set to record the CO2 at every 
15 minutes interval. The detailed specification of the CO2 sensors can be found in 
Appendix 1. The CO2 sensor has been placed inside the photobioreactor together with 
the plants in order to measure the CO2 removal by the plants only. 
The advantages of using Telaire® 7001 are that the equipment is of the hand held type, 
so it is light and portable. Its size fits the dessiccator that is used in this study. 
Besides, it is able to display up to 10,000ppm. The disadvantage of using Telaire® 
7001 is that the measurement range does not extend up to 50,000ppm. For the current 








As one of the experiments was held on the rooftop of the Department of Building, 
School of Design and Environment, National University of Singapore, the information 
about Singapore climate is important. Singapore, as a tropical climate country, is 
relatively hot and humid throughout the year. The average daily temperature ranges 
from 25oC to 34oC and it can reach up to 40oC in a greenhouse. 
The rate of CO2 removal in this experiment is determined by measuring the change in 
CO2 concentration in the air contained inside the chamber, which diminishes due to 
the CO2 that is absorbed by the plant specimens. 
The experimental study has been divided into two scales of study. 
a. Laboratory Scale 
A total leaf area of 500cm2 is chosen for the laboratory scale, since this is the 
maximum amount of leaf that can be contained in the 5.5 litres volume desiccators, 
without allowing the leaves to overlap and cover each other. Otherwise, the 
overlapping leaves would decrease the amount of light reaching the surface of the 
leaves, which would decrease the photosynthesis rate of the plants. 
The gathered plants were then subsequently divided arbitrarily and placed in two 
separate transparent plastic containers which contain tap water totaling 650 ml with a 
pH of 7.0, where only the roots of the plants were immersed in the water in order to 
let the plants survive during the experiment and at the same time allow the leaves to 
be fully exposed to the atmosphere. After putting the plants into the plastic containers, 
the plants, together with the CO2 sensor, are placed in a glass desiccator of 5.5 L 
volume, and vacuum grease is applied between the glass and the lid of desiccators. 
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This has been done in order to keep the desiccators from leakage, whether it is CO2 
leakage out from the desiccator or air leakage from outside into the desiccator. 
The pure CO2 (>99.9% v/v) introduced into the desiccator via a gas regulator where 
specimens have been put inside the desiccators until the CO2 concentration within the 
dessiccator achieved the desired level (8,000ppm). The supply of CO2 to the 
dessiccator was then terminated and the dessiccator was sealed off by replacing the 
rubber stopper that had been coated with vacuum grease. 
During the use of the FE ZSVF portable infrared gas analyzer, the air intake and 
return tubes were positioned at the highest and lowest points in the dessiccator 
respectively in order to enhance the mixing of CO2 inside the dessiccator. 
For the small scale conducted in the laboratory, daylight is simulate by using two 
daylight bulbs (23W) with color temperature of 6500K (Phillips). Outside the 
dessiccator, the luminance levels recorded was between 4,300 to 26,000lux, while the 
average luminance inside the dessiccator was 2,000lux. 
In order to ensure the uniformity of luminance received by each side of the leaves, the 
dessiccator was surrounded with a reflective surface made of aluminum foil and 
covered with layers of black paper to avoid light exposed from the outside and to 
make sure the luminance received by the plants only comes from the bulbs. 
Each batch of plants was tested for 24 hours. Meanwhile, the desiccators were kept 
luminated for the entire course of the experiment. The laboratory scale is divided into 
two research designs. One method uses intervals of 12-hours light and 12-hours 
darkness. The objective of this method is to measure the maximum CO2 removal rates 
of the plants when the plants are exposed to the environmental conditions, where there 
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are 12 hours of daylight from the sun. Besides, it also tries to understand whether the 
rate of CO2 removal is constant over 24 hours of illumination. 
The CO2 level within the desiccator was manually monitored regularly for the first 6 
hours of experiment, followed by using the data-logger. The temperature in the 
desiccator was recorded at the same time together with the CO2 level (every 15 
minutes). The average temperature within the desiccator was 30oC and did not vary by 
more than 2ºC. The evaporation of water from the containers was also found to be 
negligible by comparing the initial and final water volumes after 24 hours. The CO2 
leakage rate from the desiccator and the rate of CO2 absorption by the water in the 
two containers holding the plant were measured in order to determine the net CO2 
removal by the plants. To measure the CO2 leakage rate from the desiccator, the CO2 
in the desiccator was monitored without the water and plant specimens within the 
desiccator. Meanwhile, to measure the CO2 absorption rate by the water, the two 
water containers were placed in the desiccator without the plants inside. 
b. Rooftop Scale 
Total leaf areas of 1000 cm2 (2 times the amount of total leaf area that has been used 
in the laboratory scale) and 2000 cm2 (4 times the amount of total leaf that has been 
used in the laboratory scale) were chosen for the rooftop scale, in order to compare 
the results with the laboratory scale. There total leaf areas are chosen to follow the 
size of the glass tank that has been used in the rooftop experiment, where the tank 






 RESULTS AND DISSCUSION 
 
4.1 Introduction 
As explained in the previous chapter, the laboratory experiment used mung beans 
with a total leaf area of 500 cm2, where the specimen was put inside the desiccator 
and used a hydroponics system in order to keep the specimen alive during the 
experiment. The specimens were exposed to 8000ppm of CO2, where the input of 
pure CO2 gas into the photobioreactor is a one time event. The duration of monitoring 
is for 24 hours with manual monitoring for the first 6 hours and monitoring using the 
data logger for the remaining duration. During the experiment, the specimens were 
illuminated by artificial light in order to keep the photosynthesis process for the whole 
24 hours. According to Kua et al. (2009) who conducted the experiment using mung 
beans at a laboratory scale, it was found that if the specimen was exposed to constant 
artificial light for 24 hours, the rate of CO2 removal was also constant over 24 hours. 
The result proves that the photosynthesis process is still occurring over 24 hours while 
the exposed specimen is to high CO2 which is 23 times more than the atmospheric 
CO2 level. However, the constant photosynthesis process is achieved only when 
constant light is provided during the photosynthesis process (see fig. 4.1). This is 
supported by the theory that the photosynthesis process needs light energy in order to 




Figure 4.1 CO2 profile of Mung bean versus time for various starting CO2 
(Source: Kua et al., 2009)  
 
Figure 4.1 shows the CO2 profile in the desiccator for over 24 hours. The specimens 
were exposed to various starting CO2 levels. By using a “stepping-down” approach, 
we found that the effective starting point for mung beans to reduce CO2 in a large 
quantity over 24 hours of experiment is 8000ppm. The “Stepping-down” approach 
started with 50,000ppm of CO2, where the new specimen was introduced over 24 
hours. After 24 hours, the specimen is able to reduce the CO2 level up to 38,000ppm. 
This is known as the first step of the approach. The second step introduces new 
specimens with a starting point of 38,000ppm CO2 level. The result shows the 
reduction of CO2 from the specimen up to 28,000ppm. Likewise, the third step 
introduces new specimens and results in the reduction of CO2 from 28,000ppm as 
starting point to 18,000ppm. Further, as the forth step of this approach, another new 
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specimen is exposed to 18,000ppm CO2 level. After 24 hours, the new specimen is 
able to reduce the CO2 from 18,000ppm to 8,000ppm. The last step of this approach 
exposes the new specimen to a starting point of 8,000ppm CO2, and the CO2 level 
finally drops to atmospheric level. 
As shown in figure 4.1, for the CO2 profile at the 50,000ppm starting point, the 
specimen is able to reduce the CO2 as much as 12,000ppm over 24 hours of 
experiment, without considering the air leakage and water leakage. Moreover, the 
specimen that used 28,000ppm as the starting levels is able to reduce the CO2 level by 
10,000ppm during 24 hours of experiment. Furthermore, the specimen with starting 
level of 18,000ppm is able to reduce the CO2 level by as much as 10,000ppm in 24 
hours of experiment. However, with the 8,000ppm CO2 as starting level, the specimen 
is able to reduce the CO2 level by as much as 7650ppm during 6 hours of experiment. 
With the condition of constant illuminace provided over 24 hours of experiment and 
assumption that after the CO2 level reaches atmospheric level (350 ppm), the 
specimen will be introduced to another 8,000ppm of CO2, then the actual reduction in 
CO2 level achieved by that specimen over 24 hours of experiment was 4 times larger 
than 7650ppm. It means that the specimen, at the end of 24 hours of experiment, is 
able to reduce the CO2 level by as much as 30,600ppm, without considering the 
effects of leakages. 
The amount of total reduction of CO2 that is obtained by the specimen which used 
8,000ppm of CO2 as the starting point is higher compared to other the starting points. 
Therefore, 8,000ppm can be considered as the effective starting level of CO2 for 
mung bean if used as a CO2 sequester. Moreover, 8,000ppm of CO2 would be used in 
this study for both the laboratory and rooftop experiments as the starting level guide, 
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even though later on in this study, the CO2 removal rate of other type of C3 plants, 
will be measured. The objective of measuring the CO2 rate of other types of C3 plants 
is to compare the CO2 profile between mung beans and other types of C3 plants with 
the same starting level of CO2, and whether a similar CO2 profile can be found for 
other types of C3 plants. If similar a CO2 profile was found in other types of C3 plants, 
a general conclusion can be made with regard to plants that are categorized as C3 
plants. 
The CO2 and temperature profile for the laboratory experiments that used 500cm2 of 
total area of leaves of mung bean is described in the sub chapter below. Meanwhile 
the CO2 and temperature profile for the rooftop experiments are described in a 
separate sub chapter and 1000cm2 and 2000cm2 of total area of leaves are used. The 
difference in the total area of leaves is based on the objective of this study, which is to 
investigate the CO2 removal rate for the scaled up experiment.   
 
4.2 Laboratory Experiment 
For the laboratory experimental, mung bean has been chosen as the model of the 
specimen. The scaled experiment was conduct in the laboratory with a single-tank 
setup only. The total leaf area used in this experiment is 500cm2, since it is the 
amount that is able to fit properly with the assumption that the leaves are not over 
lapping one other in the limited space of the photobioreactor, known as a desiccator. 





4.2.1 CO2 Profile 
The specimen is introduced with 8,000ppm of pure CO2 over 24 hours. The next 
following day, the specimen will be introduced again with the same level of CO2. It 
means that the specimen is exposed to a new sample of 8,000ppm of CO2 every day 
for seven days of experiment. During the experiment, both CO2 and temperature were 
monitor periodically every 15 minutes. The results are plotted in the graph below. 
 
 
Figure 4.2 CO2 profile for mung bean with 500cm2 of the total area of leaves. 
 
Figure 4.2 shows the CO2 profile of mung bean with a total area of 500cm2. The 
specimen was exposed to 8,000ppm. The graph shows that the specimen is able to 
reduce the CO2 level from 8,000ppm to atmospheric condition over 6 hours of 
experiment. After 6 hours, the specimen is able to maintain the CO2 levels below 
atmospheric level. In fact, the specimen is able to reach 0ppm level of CO2. 
The graph also demonstrates similar CO2 trends for seven days of experiment. It 
means that the CO2 removal rate for seven days of experiment was constant, although 
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the first day of experiment shows better CO2 removal rate. This might be due to the 
stress that is experienced by the specimen. The stress itself derived from the high 
level of CO2, high temperature inside the desiccators, and the unavailability of 
nutrient solution to support the life of plants. The likelihood that the performance of 
the plant to survive would be higher if water solution that contains with high nutrient 
is used in the experiment. 
Moreover, the CO2 reduction also represents the photosynthesis rate of the specimen, 
which is increased if the specimen is subjected to the elevated CO2. This finding is 
similar to the finding from other researchers, such as Eamus and Jarvis (1989) and 
Tognetti et al. (2001). Further, although the study that was conducted by Bernard et 
al. (2009) used a specimen that lives in the deep ocean and the specimen itself was 
exposed to very high levels of CO2, the result from Bernard et al. (2009) study is in 
support of the finding for this study. In this study, the ability of the specimen to 
survive more than seven days of experiment proves that specimen is able to survive 
under such very high levels of CO2, even though compared to the study conducted by 
Bernard et al. (2009), the CO2 level that is used in this study is 25 times lower than 
the CO2 level that was used in the study of Bernard et al. (2009). 
Although the results of this preliminary study are supported by other researchers’ 
results, several questions remain reason unanswered. The question of whether the CO2 
removal rate of the specimen would remain constant if the specimen experiences a 
continuously high level of CO2 arises. This means that after subjecting the specimen 
to the first injection of CO2 level up to 8,000 ppm, the specimen itself executes the 
photosynthesis process where CO2 is used as an input in the photosynthesis process. 
The photosynthesis process, therefore, enables the reduction of CO2 level inside the 
photobioreactor to reach the atmospheric level. After the reduction of the CO2 level 
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inside the photobioreactor, the specimen is then introduced with the 8,000 ppm of 
CO2 for the second time. Therefore, to fill this gap, a series of experiments on the 
rooftop was conducted in order to investigate the total amount of CO2 that could be 
removed by the specimen if the specimen was exposed to 8,000 ppm of CO2 
continuously. “Continuously” in this content does not mean that the specimen will be 
introduced with a continuous input of CO2, but substantively means that after the 
specimen is introduce to 8,000 ppm of CO2 and the level of CO2 inside the 
photobioreactor reaches the atmospheric level, which is below 350 ppm, the specimen 
will be introduced to 8,000 ppm of CO2 again and the experiment will be repeated as 
a cycle every time the CO2 level reaches below 350 ppm for over 24 hours. 
A series of this experiment and the results of this experiment will be discussed in 
another part of this chapter. 
 
4.2.2 Temperature Profile 
When the specimen was introduced to 8,000 ppm of CO2, the temperature inside the 
desiccator was monitored periodically every 15 minutes. The temperature profile is 





Figure 4.3 Temperature profile for mung bean with 500cm2 of the total area of leaves. 
 
Figure 4.3 represents the temperature profile of mung bean that was exposed to 8,000 
ppm of CO2 over 24 hours. The temperature inside the photobioreactor during the 
experiment ranged from 24oC to 36oC. The finding was supported by Peohlman 
(1991) who mentioned that the temperature range for mung beans to grow is between 
20oC and 40oC. Since the temperature during the experiment is within the range of the 
temperature for mung beans to grow, the specimen survives and is able to survive for 
more than seven days of experiment. 
The temperature profile increases constantly with time. This is supported by the 
theory that photosynthesis process will increase the temperature of plants, since 
carbohydrate as a by product of photosynthesis (see equation 2.1), will give rise to the 
increase of the plant’s temperature. 
The photosynthesis process will engage various enzymes in order to catalyze each 
step of the light reactions and the Calvin cycle. Meanwhile, the temperature of plants 
will increase because the temperature speeds up the process. Besides, the enzymes 
themselves are influenced by temperature, pH of the water and some other related 
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factors. Moreover, the temperature of plants will definitely increase since the kinetic 
energy increases during the photosynthesis process. The enzymes that are involved in 
the photosynthesis process will ideally function under a certain temperature. If the 
required temperature exceeds during the process, the heat will denature the enzymes. 
The photosynthesis will increase under higher heat, however, after a certain 
temperature, the excessive heat will destroy the enzymes and it will cause the 
photosynthesis process to stop. 
The response of photosynthesis itself is based on the kinetics of ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco). Rubisco activity contributes to the 
photosynthetic CO2 fixation in both C3 and C4 plants (Hudson et al., 1992; von 
Caemmerer et al., 1997). Heat stress decreased the activation state of Rubisco by 
enhancing the kinetic rate of spontaneous deactivation and inhibiting the activity of 
Rubisco activase (Crafts-Brandner and Salvucci, 2000; Crafts-Brandner and Salvucci, 
2004). 
 
4.2.3 Leaf area 
The specimen used in the laboratory experiment was subjected to 8,000 ppm of pure 
CO2. By using 500 cm2 of total area of leaves, about 11.2% of the leaves withered 
after four days of experiments. However, the specimen itself is able to survive up to 
seven days of experiments with more than 60% of leaves having withered and 
increases the total area of leaves by about 23%. In fact after seven days of experiment, 
although some of the leaves turned yellow and some parts have brown spots, the total 
area of leaves that survived is more than 60% of the starting leaves area. If the ability 
of the specimen to survive is increased, then the total area of leaves might be 
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decreased. The ability of the specimen to increase can be done by using high nutrient 
solution as the media of the specimen to survive. The decrease of the total are of 




Figure 4.4 Total leaves area of mung bean with starting leaves area 500cm2 
 
Figure 4.4 shows the total leaves area of mung bean when it is exposed to 8,000ppm 
of CO2. The starting leaves area is 500cm2. Supported by the finding of the study by 
Croonenborghs et al. (2009), the result of this study found that a high level of CO2 
will increase the total area of the leaves. However, as long as the survival rate is high; 
the amount of the leaves that are broken due to the high temperature and high levels 
of CO2 exposed to the specimen is high as well. 
During the laboratory experiments, a different series of experiments which use mung 
beans with a total leaves area of 500cm2 is also conducted. However, the specimen 
was not exposed to high levels of CO2. Instead, the specimen was exposed to CO2 at 
atmospheric level. The objective of this experiment is to compare the survival rate and 
the total leaves area of specimen which was introduced to high levels of CO2 and the 
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specimen that was introduced to atmospheric level. However, the illuminance level 
was maintained at the same level in order to find the survival rate of the specimens. 
 
 
Figure 4.5 Total leaves area of mung bean with starting leaves area 500cm2 when it is subjected with 
atmospheric level 
 
Figure 4.5 shows that while the specimen was not subjected to high levels of CO2, 
instead of CO2 at atmospheric level (350 ppm), the specimen was able to survive up to 
14 days of experiment. Besides, the total area of leaves constantly increased. At the 
end of the experiment, it was found that only 5.2 % of the total area of leaves 
withered and the increase in total area of leaves reached up to 142.5%. It is supported 
by theory that the light intensity is one of the important factors that affects the 
photosynthesis process as it is found that the leaf area is increasing. Besides, the 
specimen is still able to carry on the photosynthesis process and the leaves area 






4.3 Rooftop Experiments 
In order to fill the gap that is aforementioned in the previous part, the roof top 
experiments were conducted as a scale up of the laboratory experiments. Therefore, 
the total area of leaves used in this experiment is two times and four times bigger than 
the total leaves area used in the laboratory scale. 
The experiments employing a total area of leaves which is two times bigger than the 
laboratory experiments uses the same methodology as the laboratory experiments. 
The experiments employing a total area of leaves which is four times bigger than the 
laboratory experiments uses a “continuous” method. Details about the method will be 
explained later on. 
 
4.3.1 Mung bean 1000cm2 Leaf Area 
This part of the experiment used 1000cm2 of the leaves area in order to investigate 
whether the CO2 and temperature profile have the same trend when the setup of the 
experiment was scaled up. The same experimental procedure as laboratory 
experiments was chosen to fill in the gap as stated previously. Meanwhile, the 
sampling method for the rooftop experiments involves conducting the experiment five 
times, by means of five difference batches of plant in order to validate the trend.  The 






4.3.1.1 CO2 Profile 
 
Figure 4.6 CO2 profile of mung bean with the total leaves area of 1000cm2 and exposed to 8,000ppm 
of CO2 , Day 1 
 
Figure 4.6 above depicts the CO2 profile of mung bean with a total leaves area of 
1000cm2 (two times bigger than laboratory scale) while exposed to 8,000ppm of CO2. 
As mentioned previously, the experiment was conducted five times using the same 
procedure as the experiments within the laboratory. As can be seen in figure 4.5, the 
data is valid, since for five sets of experiments, a similar trend of CO2 reduction can 
be found, where for every 15 minutes of the monitoring duration, the reduction 





Figure 4.7 CO2 profile of mung bean with the total leaves area of 1000cm2 and exposed to 8,000ppm 
of CO2 , Day2 
 
Figure 4.7 describes the CO2 profile of mung bean with a total leaves area of 
1000cm2 while exposed to 8,000ppm of CO2 for day 2. The CO2 removal rate shows 
a similar trend for five sets of experiments, shows implying that the trend is valid, 
although some batches on day 2 have lower CO2 removal rates. Comparing the CO2 
reduction of day 1 and day 2, it is obvious that the trend gets slower on day 2. The 
CO2 reduction average was 97.08% on day 1 and 85.66% on day 2. At the end of day 
1, the specimen was able to remove CO2 from 8,000ppm to atmospheric level after 5 
hours of experiment on average, while on the day 2, the specimen was not able to 








4.3.1.2 Temperature Profile 
 
Figure 4.8 Temperature profile of mung bean with the total leaves area of 1000cm2 and exposed to 
8,000ppm of CO2, Day 1 
 
Figure 4.8 shows that the temperature during the experiment on day 1 was ranging 
from 25oC to below 45oC. The temperature trend shows that while the photosynthesis 
occurs, the temperature increases as well. Some exceptions are found where the 
temperature decreases. The cause is likely to be because of the weather, where there is 
no sunlight provided and it was cloudy at the time of the experiments. 
 
 
Figure 4.9 Temperature profile of mung bean with the total leaves area of 1000cm2 and exposed to 




Figure 4.9 shows the temperature profile of mung bean when the specimens are 
subjected to 8,000ppm of CO2 on the second day. The temperature profile was 
ranging from 28oC to below 40oC. Comparing the temperature profiles on day 1 and 
day 2, it was found that during day 2, the temperature range was lower. It might be 
due to the lower rate of photosynthesis process on day 2 than on day 1. However, the 
linearity of the graph on day 2 is slightly better than on day 1. It might be due to the 
wider range of temperature and longer temperature fluctuations on day 1 than on day 
2. 
 
4.3.1.3 Leaf Area 
 
Figure 4.10 Total leaf area of mung bean with the starting total leaves area of 1000cm2 and exposed to 
8,000ppm of CO2 
 
As can be seen in Figure 4.10, the total leaf area of the specimen varies. For some 
batches, e.g. batch 1, 2, and 5, the total area of leaves decreases from the starting leaf 
area (1000 cm2) after 2 days of experiment. While for another batches, e.g. batch 3 
and batch 4, the total area of leaves increases after 2 days of experiment. The increase 
in leaf area is due to the increase in CO2 level that was introduced to the specimen, 
where the specimen has the ability to survive under such extreme conditions (high 
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CO2 and high temperature). However, the decrease in leaf area might be due to the 
stress encountered by the plant, since the plant is subjected to extreme conditions with 
high CO2 levels up to 8,000 ppm and high temperatures up to 45oC. Moreover, the 
unavailability of nutrient solution to support the life of the plant under extreme 
conditions might also a factor that decreases the total leaves area. 
 
4.3.2 Water Hyacinth 1000cm2 Leaf Area 
For the rooftop experiments, the use of other types of C3 plant has also been 
considered in order to compare the CO2 removal rate with the same starting CO2 
level. Water hyacinth is one of the C3 plants that has been chosen. This is because of 
its ability to grow under hydroponics method. Moreover, water hyacinth has broad 
leaves, and it is a type of plant that is able to cause damage, such as: impeding 
drainage and destroying wildlife resources.  
The CO2 and temperature profile of water hyacinth can be found below. 
4.3.2.1 CO2 and Temperature Profile 
 
Figure 4.11 CO2 and Temperature profile of water hyacinth with 1000cm2 of leaves area and subjected 




Figure 4.11 shows the CO2 and temperature profile of water hyacinth with a starting 
total leaves area of 1000cm2 and subjected to 8,000 ppm of CO2 on day 1. Although 
the CO2 profile of each batch shows a similar trend, there are some batches that have 
a CO2 removal rate slower than others. It might be due to the weather condition 
during the experiment time. As can be seen after 6 hours of experiment, water 
hyacinth is not able to remove the CO2 level up to atmospheric level. After 6 hours, 
the CO2 level inside the photobioreactor is around 3450ppm (average), meaning that 
the CO2 reduction is only 57.04% from the starting CO2 level.  
The temperature during the experiment has a wide range from 24oC to 46oC. 
According to Penfound et al. (1948), water hyacinth is not able to survive under a 
water temperature higher than 34oC for more than four to five weeks. 
 
 
Figure 4.12 CO2 and Temperature profile of water hyacinth with 1000cm2 of leaves area and subjected 
to 8,000 ppm of CO2, Day 2 
 
Figure 4.12 shows the CO2 and temperature profile of water hyacinth with the starting 
total leaves area of 1000cm2 and subjected to 8,000ppm of CO2 on day 2. Meanwhile, 
Figure 4.13 and Figure 4.14 below describe the CO2 and temperature profile of water 
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hyacinth with starting total leaves area of 1000cm2 and subjected to 8,000ppm of CO2 
on day 3 and day 4, respectively. 
 
 
Figure 4.13 CO2 and Temperature profile of water hyacinth with 1000cm2 of leaves area and subjected 
to 8,000ppm of CO2, Day 3 
 
 
Figure 4.14 CO2 and Temperature profile of water hyacinth with 1000cm2 of leaves area and subjected 
to 8,000ppm of CO2, Day 4 
 
The experiments for water hyacinth from day 1 to day 4 showed the CO2 removal rate 
reduced significantly from 8000ppm to around 1000 to 4000ppm over 6 hours of 
experiments. The average CO2 reduction for day 1, 2, 3 and 4, respectively, are 
57.04%, 70.07%, 57.49%, and 59.74%.  Day 2 shows the highest reduction. It might 
be due to the weather, since the temperature profile on day 2 shows a better profile. 
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4.3.2.2 Leaf Area 
 
Figure 4.15 Total leaves area of water hyacinth with the starting total leaves area of 1000cm2 and 
exposed to 8,000ppm of CO2 
 
The result shows that water hyacinth exposed to high levels of CO2 will increase the 
total leaf area after several days of experiment. This is supported by Spencer et al. 
(1986), who mentioned that if water hyacinth was exposed to CO2 enrichment, it will 
increase the number of leaves of the daughter plants and the leaf area index.  
4.3.3 Monstera Deliciosa 
 
Figure 4.16 CO2 and Temperature profile of Monstera deliciosa with 1000cm2 of leaves area and 




Figure 4.16 and Figure 4.17 show the CO2 and temperature profile of Monstera 
deliciosa with starting leaves area of 1000cm2 and subjected to 8,000ppm of CO2 for 
day 1 and day 2, respectively. The graph shows that CO2 reduction for day 1 and day 
2 are, respectively,100% and 99.04%. The specimens are able to reduce the CO2 level 
to atmospheric level over 4 hours of experiment on day 1 and day 2. This might be 
due to the total leaves area inside the photobioreactor being actually more than 




Figure 4.17 CO2 and Temperature profile of Monstera deliciosa with 1000cm2 of leaves area and 
subjected to 8,000ppm of CO2, Day 2 
 
For the leaf area of Monster deliciosa, the total leaves area after treatment is increased 
by up to 6.06% from the starting leaf area. This might be because of the high CO2 




4.3.4 Peperomia tuisana 
 
Figure 4.18 CO2 and Temperature profile of Peperomia tuisana with 1000cm2 of leaves area and 
subjected to 8,000ppm of CO2, Day 1 
 
Figure 4.18 and Figure 4.19 show the CO2 and temperature profile of Peperomia 
tuisana with starting leaves area of 1000cm2 and subjected to 8,000ppm of CO2 for 
day 1 and day 2 respectively. The graph shows that CO2 reduction for day 1 and day 2 
are, respectively, 71.64% and 70.78%. This might be due to the type of the leaf, 
where Peperomia tuisana has small and compact leaves; therefore the covering of one 
leaf by another is unavoidable. The covered leaf will be blocked and does not receive 






Figure 4.19 CO2 and Temperature profile of Peperomia tuisana with 1000cm2 of leaves area and 
subjected to 8,000 ppm of CO2, Day 2 
 
The total leaves area of Peperomia tuisana at the end of experiment is increased by up 
to 5.886% from the total leaves area before the experiment, although during the 
experiment, there are some leaves broken reach up to 13% of the total leaves area 
before the experiment.  
 
4.3.5 The CO2 and Temperature profile of different C3 plants 
The rooftop experiments have been conducted using 4 different types of C3 plants as 
mentioned above. The purpose is to compare the CO2 removal rates of different types 
of C3 plant. For Monster deliciosa and Peperomia tuisana, the experiment has only 
been conducted once. The CO2 and temperature profile are plotted together with the 
experimental results for mung bean and water hyacinth. The experimental results that 
are used to represent mung bean and water hyacinth are the average values of five 
batches for each kind of plant. Moreover, mung bean is only able to survive for two 
days of experiments, thus comparison has been made only over two days of 




Figure 4.20 CO2 and Temperature profile of different type of C3 plant with 1000cm2 of leaves area and 
subjected to 8,000ppm of CO2, Day 1 
 
Figure 4.20 and Figure 4.21 show the CO2 and temperature profile of four different 
types of C3 plants with starting leaves area of 1000cm2 and subjected to 8,000ppm of 
CO2 for day 1 and day 2, respectively. Compared to water hyacinth, mung bean shows 
better performance in reducing CO2, since from a starting level of 8,000ppm of CO2, 
it only took around 5 hours to reach atmospheric level. Compared to Peperomia 
tuisana, Monstera deliciosa shows a better performance in reducing CO2 level. It 
might be due to the actual leaves area of Peperomia tuisana being below 1000cm2. 
Therefore, the photosynthesis for Peperomia tuisana is slower than Monstera 
deliciosa, which has actual leaves area of more than 1000cm2. 
By comparing the CO2 removal rate profile between day 1 and day 2, it can be seen 
that the CO2 removal rate is better on day 1 than on day 2. This might be because 
during day 1, the specimens were fresh and have not been subjected to high levels of 
CO2 previously. Meanwhile, during the day 2 of the experiment, the specimens might 
have been stressed because of the high level of CO2 introduced to them and because 
of the high temperature inside the photobioreactor. This is supported by available 
literature that C3 plants have the ability to survive under high concentrations of CO2 
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and exhibit higher photosynthesis rates than C4 plant. However under conditions of 
high temperature, the C4 plants show better ability to survive. 
 
 
Figure 4.21 CO2 and Temperature profile of different type of C3 plant with 1000cm2 of leaves area and 
subjected to 8,000ppm of CO2, Day 2 
 
Analysis of statistics has been performed for this study in order to provide the 
evidence to reject or accept the null hypothesis of equal means. The statistical method 
used is the t-test. T-test is used for testing hypothesis about the population mean µ 
using the sample mean m, where the populations from which the samples taken are 
similar enough to conclude that they could have come from the same population (Tan, 
2008).  









Table 4.1 t-Test: Two-sample assuming unequal variances (Day 1) 
Mung Bean Water hyacinth Monstera Deliciosa Peperomia 
t Stat -2.94856 2.457015325 -2.49077946 
P(T<=t) one-tail 0.002789 0.009011451 0.008444065 
t Critical one-tail 1.688298 1.680229977 1.682878003 
P(T<=t) two-tail 0.005577 0.018022901 0.016888131 
t Critical two-tail 2.028094 2.015367547 2.019540948 
 
Table 4.2 t-Test: Two-sample assuming unequal variances (Day 2) 
Mung Bean Water hyacinth Monstera Deliciosa Peperomia 
t Stat -0.82073 3.376882 -1.8189 
P(T<=t) one-tail 0.208063 0.000731 0.03772 
t Critical one-tail 1.679427 1.677224 1.67866 
P(T<=t) two-tail 0.416126 0.001461 0.07544 
t Critical two-tail 2.014103 2.010635 2.012896 
 
The P-value used in this test is less than 0.05, thus providing evidence to reject the 
null hypothesis of equal means. 
 
4.3.6 Mung bean 2000cm2 Leaf Area, “Continuous” 
Figure 4.21, 4.22, 4.23, and 4.24 below represent the CO2 profile of mung bean with 
total leaves area of 2000cm2 exposed to 8,000ppm of CO2 continuously for day 1 to 
day 4 of the experiment, respectively. The graphs show that at on first day of 
experiment, the specimens, which are fresh and healthy, are able to perform better 
CO2 reduction. However, day by day, the performance of the specimens decreases. It 
might be due to the stress experienced by the plant, when the plant is exposed to high 
levels of CO2 continually. The graphs also show that the specimen took around 3 
hours to reduce the CO2 from 8,000ppm to atmospheric level (350ppm). 
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On day 1 (see figure 4.21), the specimens are exposed to 8,000ppm of CO2 for three 
times round. It means the total reduction of CO2 over 24 hours is around 24,000ppm 
of CO2. However, the dark reaction during the night is not considered in this study. 
The dark reaction has to be considered, since the specimens will release CO2 back to 
the environment (in this case, inside the photobioreactor). 
On day 2 (see figure 4.22), the performance of the specimen is not decreased. This is 
due to the availability of sunlight throughout the day. Therefore, the specimen is able 
to reduce CO2 as much as three times of 8,000ppm. 
 
 
Figure 4.22 CO2 profile of mung bean with 2000cm2 of leaves area and subjected to 8,000 ppm of CO2 





Figure 4.23 CO2 profile of mung bean with 2000cm2 of leaves area and subjected to 8,000 ppm of CO2 
“continous”, Day 2 
 
On day 3 (see figure 4.23), the performances of the specimens decrease in terms of 
CO2 reduction. This is due to stress experienced by the specimens where they need to 
survive under extreme conditions, such as high levels of CO2 and high temperatures. 
Moreover, the total leaves area of the specimens during the third day of experiment 
decreases. Thus, the performance of the specimens decreases as well. 
 
Figure 4.24 CO2 profile of mung bean with 2000cm2 of leaves area and subjected to 8,000 ppm of CO2 




Figure 4.25 CO2 profile of mung bean with 2000cm2 of leaves area and subjected to 8,000 ppm of CO2 
“continous”, Day 4 
 
On day 4 (see figure 4.24), the performance of the specimens worsens. This is 
because the total leaves area able to survive up to four days of experiment decreases 
as well. The total leaves area that corresponding to broken leaves on day 4 is almost 
50% of the starting total leaves area of the specimens. Furthermore, the harsh 
conditions (high level of CO2 and high temperature) worsen the ability of specimens 
to reduce CO2. 
If we compare the performance of specimens with previous results (see sub-chapter 
4.3.1 Mung bean with total leaves area of 1000cm2), the performance of mung bean 
with total leaves area of 2000cm2 has three times better performance than the 
specimen with total leaves area of 1000cm2. This is due to the leaves area difference 





4.4 Powder X-Ray Diffraction Test Result 
The specimen used in this study is exposed to extreme conditions, i.e. high level of 
CO2 and high temperature over 24 hours. Thus a test needs to be conducted in order to 
investigate if there is a change in structure inside the specimen. Therefore, powder X-
Ray diffraction test (PXRD) is chosen. To conduct PXRD test, the specimen has to be 
transformed into powder. Since mung bean is categorized as a food plant, the PXRD 
test is only conducted for mung bean of two types, such as: before mung bean has 
been exposed to high levels of CO2 and after mung bean has been exposed to high 
levels of CO2. 
The specimen was dried first in a furnace under high temperature (up to 100o C) for 
duration 20 minutes. The dried plant was then pounded into powder form. The PRXD 
test is conducted by using Bruker-AXS D8 Advance, under 2Ɵ between 2 to 50 oC. 
 
 




Figure 4.25 shows PXRD result of mung bean before and after the experiment. The 
red color line represents the characteristic of mung bean before the experiment, while 
the blue color line represents the characteristic of mung bean after the experiment. It 
shows that the peaks of amplitude between the specimen before and after the 
experiment are almost the same. Since it is beyond our scope of study, the depth 
analysis of PXRD test will not be presented in this thesis. However, we can conclude 
that there are no changes in terms of the structure of the specimen. It is because the 
peaks of amplitude for the specimens before and after experiment occur at the same 
position of 2Ɵ, i.e. 22.5oC, 28oC, and 40.5oC. 
 
4.5 Theoretical Calculation 
After conduct the experiments for laboratory scale and rooftop scale, theoretical 
calculations need to be done in order to investigate the possibility of scaling up this 
experiment into bigger scales. Some assumptions are made: 
a. Starting CO2 concentration at 8,000ppm; 
b. Approximate time for mung bean to reduce CO2 from 8,000 to 380 
ppm: 3hours; 
c. Leakage from tank (water & air leakage): approx. 300ppm; 
d. Constant daylight and climate conditions; 
e. Number of tanks used: 32 pcs; 
f. Gases behave according to the ideal gas equation 








M = mass of CO2 that can be removed 
P = pressure 
 
Therefore, the total mass of CO2 removed in 12hours (4 dosages) if we used 32 tanks 




If, GChim is set up in 4 layers over 4m2 land area, with additional 4m2 of land for 
logistic purpose, the annual removal rate of CO




Assume that we will set up over a land area of 25m × 25m, then the total CO2 that can 






Based on calculation, GChim is NOT suitable for large scale CCS. It is more suitable 
for small scale CCS, such as the use of portable gasoline generator (1000W, 120V).  
If we assume that: 
a.  Portable generator needs 0.5 gallon of gasoline per hour. 
b. 1 gallon of  gasoline can produce about 8.8 kg CO2 (EPA, 2010) and generator 
operates 12 hours per day for 365 days per year;  
And if we used 0.5 gallon of gasoline per hour, then CO2 emission from generator 
will be: 
CO2 emissions from a gallon of gasoline = 2,421 grams x 0.99 x (44/12) = 8,788 




If the flue gas is channeled into GChim with an area of 25m × 25m, then about 
16.20% of CO
 2 /year can be sequester by using GChim.  
If we use 0.2 gallon per hour for running the generator, then about 40.5% of CO2 can 
be sequestered. 
The implementation of GChim technology can be broad, not just for small scale 
source of emission such as the usage of portable generator, but also encompasses the 
emission from small scale power stations. In Singapore, there are small scale power 
plants around the country which emit CO2. For example, Cirto Pte Ltd that runs on 
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336 MWh emits 286 tons of CO2 per year. If we use the theoretical calculation above, 
by using GChim with an area of 4000m3 where the dimensions are 20m × 20m × 10m, 
GChim would be able to remove 5.26kg CO2 per year per square meters. Thus, if we 
sets the GChim with dimensions of 20m × 20m × 10m by 10m height, in the end, the 
GChim technology would be able to remove 8.4 tons per year or 29.4% of the annual 
emission of Cirto’ plant. 10m height is obtained by setting up 4 units of 
photobioreactor set up one on top of one another. 
Although based on theoretical calculation, the GChim technology is able to remove 
16.20% of CO
 2 /year, this result of calculation is valid only for the condition where 
changing the plants that used for GChim is a requirement since the specimen have a 
few days to survive after introduced to high level of CO2. Thus, there is a need to 
changing the exposed plant into new plant in the GChim continuously. This is the 
disadvantage of GChim technology. However, the likelihood of the plant to survive 
would be higher if the water that used in the GChim system was replaced by the high 
nutrient solution, in order to keep the plant survives longer.  
The need to change the plants continuously that used in GChim technology will raise 
an issue of the residual plants. If the residual plants are thrown away to environment, 
then it will decompose and release the CO2 back to environment. In this case, the aim 
to reduce CO2 through CCS by using GChim is not achieved. However, the residual 
can be transform into biochar. 
Biochar is define as a black carbon that made from biomass through thermal 
decomposed process or known as pyrolisis process under temperature 350 to 700 oC 
(Koonkana et al., 2011; Kwapinski et al., 2010; Lehmann et al., 2006). Biochar is 
widely known as a one of carbon sequestration since biochar can reduce for about 
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50% of the initial C (Lehmann et al., 2006; Steinbeiss et al., 2009; Bird et al., 2011) 
and also as a soil fertility since it can enhanced the soil nutrient (Sohi et al., 2010; 
Bird et al., 2011; Koide et al., 2011). 
 
4.6 Compare GChim with mature tree 
According to McAliney (1993), a mature tree can remove (on average) 22 kg CO2 in a 
year. Noted that the amount of CO2 including the absorption of CO2 by soil. Based on 
the above calculation, a GChim setup would be able to remove 19 tons of CO2 /year. 
Thus, the ability of GChim setup to reduce CO2 is equivalent to the ability of 863 
mature trees. This is one of the advantages of GChim. Moreover, despite of the ability 
of a mature tree that able to survive for years and keep the biodiversity of plants, the 
GChim technology offer a better system. The GChim technology is relatively easy, 
feasible and economically viable as an option to reducing CO2 fossil fuel emission 
through a sustainable manner. 
Although there is a need to changing the plants in GChim system, a sustainable way 
to reduce CO2 emission is achieved by utilized the dead plants which are used after 
expose with high level of CO2 as a raw material for the biochar (Lehmann et al., 
2006; Sohi et al., 2010). 
With the assumption that 1 mature tree requires 500 ft2 of open space for optimum 
growth, 863 mature trees would occupy around 431,500 ft2 which is equivalent to 10 









The results of the experiment showed that by using a “stepping down” approach, 
mung bean is able to absorb the most amount of CO2 within 24 hours if subjected to 
8,000ppm of CO2 as starting point. Furthermore, mung bean with 1000cm2 leaf area 
that has been exposed to 8,000ppm of CO2 in the roof top experiment showed no 
significant difference in R2 compared to a different C3 plant (Hyacinth sp.) with the 
same leaf area. Moreover, the results showed that no statistically significant 
differences between mung bean and hyacinth were tested using the t-test at a level of 
significant of 5% (α=0.05). This research also observed the response of mung bean 
with 2000cm2 leaf area when subjected to 8,000ppm of CO2. The results showed that 
within an average time of 3hours, mung bean specimens are able to reduce CO2 level 
from 8,000ppm to ambient conditions (350ppm). Therefore, by using mung bean with 
2000cm2 leaf area and subjected “continuously” up to 3 times dosage for over 24 
hours, the GChim setup with an area of 25m × 25m would be able to remove CO2 by 
as much as 19 tons a year. This amount is equivalent to 863 mature trees or 10 











 Since there are some limitations in this study, some recommendations are made 
below for further studies: 
a. In order to monitor the lux, luxmeter (footcandle) is used. According to Hall et 
al. (1993), the light level or photosynthetic photon flux (PPF) level should be 
monitored with a quantum meter (400-700 nm waveband with a cosine 
corrected sensor), as the use of luxmeter is not recommended due to the fact 
that monitors the light sensitivity of the human eye and does not accurately 
monitor the photosynthetic activity of plants. 
b. According to Hall et al. (1993), humidity needs to be controlled. Otherwise 
the transpiration will result in an increase in water vapour concentration and a 
dilution of the mole fraction of all other gases, including CO2. However, this 
would be compensated for by an almost equivalent increase in pressure such 
that the number of moles of gas per unit volume will remain constant. 
c. Physiology and metabolism observations of the specimen to observe the plant 
perceive and plant respond to different environmental extreme of light, 
temperature, CO2 and water contains  need to be conducted during the 
experiment in order to find the specimen characteristic that enable the 
specimen to increase the survival rate when exposed to high levels of CO2. 
One way to observe the physiology and metabolism of plant is by measuring 
the CO2 contains and CO2 rate of specimen, or carbohydrate contains of 




d. The specimen used in this study was limited to four types of C3 plant. As 
mentioned above, C3 plants are able to survive under high CO2 levels. 
However, it is not advisable to expose the C3 plant to high temperatures. 
Therefore, further studies have to be conducted by using C4 plants, since C4 
plants have ability to survive under high temperatures. The result can then be 
used to compare between C3 and C4 plants with regards to the economical 
benefits and effectiveness. 
e. The specimen used in this study is mung bean which is categorized as a food 
plant. Further studies have to be conducted by using vegetables and fruit 
plants, and whether these kind of plants are able to survive under high CO2 
levels and remain edible.   
f. In depth analysis of powder X-Ray diffraction is needed to find the structure 
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Appendix A. Detail Specification of Measurement Tools 
 
1. CO2 sensors 
1.1 Telaire® 7001hand-held (GE Sensing, 2010) 
 
Figure A.1 Telaire ® 7001hand-held 
 
Table A.1 Spesification of Telaire ® 7001hand-held 
 Spesifications: 
Operating condition 320F to 1220F (00C to 500C); 0 to 95% RH, non-
condensing 
Measurement range 0 to 10,000ppm display; 0 to 4000ppm voltage output 
Display resolution ±1ppm 
Accuracy ±50ppm or 5% of reading, whichever is greater 
Repeatability ±20ppm 
Temperature dependence ±0.1% of reading per0C or ±2ppm per 0C, whichever is 
greater, referenced at 250C 
Pressure dependence 0.13% of reading per mmHg (corrected via user input 
or elevation) 
Response time <60seconds for 90% of step change 
Warm-up time <60seconds at 720F (220C) 
Calibration interval 12 months, offset adjustment using single gas at 0 to 
1000ppm CO2 
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1.2 Fuji Electric® (type: ZSVF) portable infrared gas analyzer (Fuji Electric System, 
2010) 
 
Figure A.2 Fuji Electric® (type: ZSVF) 
Table A.2 Spesification of Fuji Electric® (type: ZSVF) 
 Spesifications: 
Measurement range CO2: 0 to 200ppm ….100% 
 CO: 0 to 200ppm ….100% 
 NO: 0 to 500ppm ….5000ppm 
 SO2: 0 to 500ppm ….1% 
 CH4: 0 to 200ppm ….100% 
 O2: 0 to 5% …. 25% 
 Maximum range ratio 1:5 switching between 3 ranges 
allowed 
Analog output To 20mA DC or 0 to 1V DC 
 Concentration of each component, Instantaneous value 
after O2 correction, 
 One-hour average value after O2 correction, Four-hour 
average value after O2 correction 
Communication function RS232C (MODBUS protocol) 
Repeatability ±0.5%FS 





HOBO® from Onset used as data-logger. There are two type of HOBO® data-logger 
used during experimental study, such as: HOBO® Logger Type H-08-004-02 (Onset, 
2009a) and HOBO Logger Type U12-013 (Onset, 2009b). 
2.1 HOBO® Logger Type H-08-004-02 
 
 
Figure A.3 HOBO® Logger Type H-08-004-02 
 
A four-channel logger with the internal temperature, light intensity, and user-
replaceable RH sensors, and one external channel which accepts a wide range of 
external sensors has been used during laboratory scale. This logger has ability to 
records up to 7943 measurements with 8-bit resolution and programmable start 
date/time, as well as programmable for sampling rate (0.5 second to 9 hours). H-08-






Table A.3 Spesification of HOBO® Logger Type H-08-004-02 
 Spesifications: 
Measurement range 4-20mA (for AC current, AC Voltage, Carbon Dioxide, 
DV Voltage, Light Intensity, Relative Humidity, 
Temperature) 
Operating range (logger) -200C to +700C (-40F to +1580F), 0-95% RH non-
condensing 
Time accuracy approx. ±1minute per week (±100 ppm at +200C or 
+680F) 
Battery CR-2032 (lithium) user-replaceable with 1year life time 
(continuous use) 
Storage temperature -40°C to +75°C (-40°F to +167°F) 
 
2.2 HOBO Logger Type U12-013 
 
 
Figure A.4 HOBO Logger Type U12-013 
 
HOBO U12-013 provides 12-bit resolution measurement with high accuracy and able 
to stores up to 43,000 measurements. This logger has been used for roof top scale 
experiment. The U12-013 Data Logger is for use in Indoor environments. The U12-
013 Data Logger supports the following measurements (some sensors sold 
separately): 4-20mA, AC Current, AC Voltage, Air Velocity, Carbon Dioxide, 
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Compressed Air Flow, DC Current, DC Voltage, Gauge Pressure, Kilowatts (kW), 
Relative Humidity, Temperature, Volatile Organic Compound. 
 
Table A.4 Spesification of HOBO Logger Type U12-013 
 Spesifications: 
Measurement range Temperature: -20° to 70°C (-4° to 158°F) 
RH: 5% to 95% RH 
Analog channel 0 to 2.5 Vdc (w/CABLE-2.5-STEREO); 0 to 5 Vdc (w/CABLE-
ADAP5); 0 to 10 Vdc (w/ CABLE-ADAP10); 4-20 mA 
(w/CABLE-4-20MA) 
Accuracy Temperature: ± 0.35°C from 0° to 50°C (± 0.63°F from 32° to 
122°F) 
RH: ±2.5% from 10% to 90% RH (typical), to a maximum of 
±3.5% 
External input channel  ± 2 mV ± 2.5% of absolute reading 
Resolution Temperature: 0.03°C at 25°C (0.05°F at 77°F) 
RH: 0.03% RH 
Sample rate 1 second to 18 hours, user selectable 
Drift Temperature: 0.1°C/year (0.2°F/year) 
RH: <1% per year typical; RH hysteresis 1% 
Time accuracy ± 1 minute per month at 25°C (77°F) 
Response time in airflow of 1 m/s (2.2 mph) 
Temperature: 6 minutes, typical to 90% 
RH: 1 minute, typical to 90% 
Operating temperature Logging: -20° to 70°C (-4° to 158°F) 
Launch/readout: 0° to 50°C (32° to 122°F), per USB specification 
Battery life 1 year typical use 
Memory 64K bytes (43,000 12-bit measurements) 
Weight 46 g (1.6 oz) 
Dimension 58 x 74 x 22 mm (2.3 x 2.9 x 0.9 inches) 
 
2.3 Datalogger for Fuji Electric® (type: ZSVF) 
 
Figure A.5 Datalogger Grant Squirrel 
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3. Lux-meter 
A hand-held Hagner (model: EC1-L) has been used to measure luminance with below 
specification in details (Hagner, 2010) 
 
Figure A.6 Lux-meter 
Table A.5 Spesification of Lux-meter Hagner 
 Spesifications: 
Detector Silicon photodiode Vλ-filtered 
Measurement range 1 - 2,000,000 cd/m2 (1 - 2 x 106 cd/m2) 
Accuracy better then ±3% (±1 in last digit) 
Power supply  9 Volt battery type PP3 (with lifetime 350hours) 
Dimensions 130 x 75 x 35 (mm) 
Weight 0.24 kg 
 
4. Portable Generator 
Cummins Portable Gasoline Generator 
 




Table A.6 Spesification of Cummins Portable Gasoline Generator (P2200) 
 Spesifications: 
Rated output power 2KW 
The max. Output power 2.2KW 
 Thirteen hours continuous operation time (with the 
rated load) 
 Manual start 
 6.5HP, 4-stroke overhead valve engine 
 Large 15 liter fuel tank 
 Low oil automatic shutdown 
 Heavy-duty Cast Iron Cylinder Sleeve 
 Circuit Breaker Protection 
 Dual element Air Cleaner 
 Full perimeter Safety Frame 
 2 year limited warranty 
 Optional wheel kit available 
 Automatic voltage regulate, stable output 
 12V DC charge output 
 A variety of options with the oil-fuel tank 
 Voltage meter 
 Including spark plug long refueling pipe wrench  
Dimension 590×475×460mm  
 
Engine displacement 196cc 
Fuel tank capacity 15L 
Engine oil capacity 0.6L 
AC voltage 240v AC frequency: 50H 
 240v rated Amperage-Rated/max: 8.7A/9.6A   
DC voltage 12v     DC Amperage: 8.3A 
Sound level 68dB at 7meter. 
Weight 68 dB at 7 meter 
 
The ideal power supply of Refrigerators, Microwave, oven, kettle and 2kW rated 
power electric tool. 
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APPENDICES 
Appendix B. Pictures of rooftop experiment 
 
 









Figure B.3 Configuration of rooftop experiments 
 
Figure B.4 Configuration of tank 
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Appendix E. Water hyacinth at rooftop experiments 
 
 
